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ABSTRACT 
Titanium and its alloys are utilised in a wide range of diversified engineering applications. 
Its properties of low density, good corrosion resistance and high specific strength make it 
one of the most favourable materials in industrial applications. However, its applications 
are limited, due to its low hardness and poor tribological characteristics, which 
consequently reduce its life service. The surface integrity may be improved by surface 
modification, to extend its availability for more diverse industrial applications. Additive 
manufacturing is a commercially competitive manufacturing technique, with the possibility 
of altering the entire perception of design and fabrication. It offers suitable capabilities for 
the building and repairing applications in the aerospace industry, which usually requires 
high levels of accuracy and customisation of parts that generally use materials known to 
pose difficulties in fabrication, such as Titanium and its alloys. However, this process is 
currently at its pioneer stage; and very little is known about the fundamental physics of 
the process. Currently, the major problems faced in additive manufacturing include the 
evolution of residual stresses, leading to deformed parts and the formation of defects, 
such as pores and cracks.  
The presence of these unwanted artefacts on additively-manufactured parts depends on 
what happens in the melt pool during melting, cooling, and solidification. Direct laser metal 
deposition is employed to fabricate the specimens and microstructural characterisation of 
the as-received samples; this was conducted by means of Scanning Electron Microscopy 
(SEM) / Electron Dispersive Spectroscopy (EDS), Optical Microscopy (OPM) and X-ray 
Diffraction (XRD).  
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The microhardness and corrosion behaviour were measured by using a Vicker’s hardness 
tester and a DY2300 Series Potentiostat, respectively. The results were compared to the 
current state of knowledge in the literature for confirmation and validation. The laser 
scanning speed was varied by increasing it from 1.0 – 1.2 m/min at a laser intensity of 
900W and 1000W. The weight per cent of silicon and copper in the reinforcement powders 
was varied for each laser power setting. The increased scanning speed was observed to 
reduce the structural properties (width, height, Heat Affected Zone (HAZ) and depth) of 
the deposited samples. The laser material interaction time was reduced, as a result of 
increasing the scan speed, hence forming a smaller volume of molten pool. It was 
observed that the specimen that possessed the best material properties after surface-
integrity advancement was Ti-Al-7Si-4Cu produced at 1000W and 1.0 m/min.  
In respect of the Ti-6Al-4V alloy substrate, this composite coating shows an improvement 
in the microhardness by 21.83%; and its ultimate tensile strength was found to be 4487 
MPa. It was observed that the coating corrodes at the rate of 2.76x10-4 mm/year less than 
the substrate. The optimum processing parameter combination in this study was found to 
be 1000W laser power and 1.0 m/min traverse speed; and these parameters can be 
recommended for the customised production of this composite material for various 
applications. 
Keywords: Additive Manufacturing, Direct laser-metal deposition, Microstructure, Ti-6Al-
4V, Titanium.  
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CHAPTER 1: INTRODUCTION 
1.1 Background 
The Additive Manufacturing (AM) method that is uniquely applied in most of the major 
industries, is the Laser Metal Deposition (LMD) technique. The LMD technique is 
conducted by using a Computer-Aided Design (CAD) software and complementary 
equipment, to fabricate the desired components by adding them layer-by-layer. This is 
unique because in the conventional manufacturing methods that are used in most 
industries, the machine components operate by removing layers, to achieve the final 
desired product [1]. The process is simplistic and automated; the substrate is placed and 
fixed on the base; and the operational parameters are set (scanning speed, gas flow rate, 
powder flow rate, laser power etc.) and optimised.  
The laser travels the specifically set travel distance on the substrate; and simultaneously, 
it feeds metal powder and inert gas onto the surface, thereby altering the surface integrity. 
The process is highly efficient and effective, so that complex geometrical components are 
designed and repaired in the aerospace, biomedical and automotive industries. The area 
of coalescence between the substrate and the cladding layer is strongly metallurgically 
bonded, once the molten pool created by the laser solidifies.  
This process is highly valuable and most favourable when available, because of the ability 
to repair, design and create components at such a time-efficient rate – with very little or 
no waste material produced – at a much higher quality [2]. Figure 1.1 presents the LMD 
process. 








Additive Manufacturing is a term that is inclusive of many technological methods and 
subsets, such as additive fabrication and layered manufacturing, Direct Digital 
Manufacturing (DDM), 3D Printing and Rapid Prototyping. The current state of AM 
technology has very little limitations, when compared with the conventional machining 
methods; whereas during the pre-development era of the technology, it was in the form 
of Rapid Prototyping that focused more on pre-production visualisation models [4].  
Currently, the AM technologies capacitate and are implemented in the fabrication of end-
use products in dental, medical, aviation, automobile, and not surprisingly in fashion 
products. 
Laser is the most used energy source in AM technologies, primarily for its ability to melt 
the powdered material. This is a direct energy-deposition process, in which the laser is 
used to melt the material in a controlled manner, in order to avoid any heat build-up. A 
molten pool is formed during the heating process; and this rapidly solidifies once the laser 
energy is removed. There are three main types of laser-additive manufacturing 
techniques; these include: 
Figure 1.1: Schematic of Laser Metal Deposition Process [3] 
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I. Laser Metal Deposition (LMD) 
II. Selective Laser Sintering (SLS) 
III. Selective Laser Melting (SLM) 
The focus of this research will be on direct laser metal deposition (DLMD). This is a free 
form of fabrication and the additive manufacturing process that employs the Laser 
Cladding (LC) technique. Previously, there was difficulty in repairing highly valued 
component parts; but currently, this fabrication method is uniquely used in a multitude of 
industrial applications in designing and creating complex geometrical parts with high 
dimensional accuracy.  
Implementing this technique combats various material-application challenges and 
limitations, such as the fabrication and manufacturing of titanium alloys, which are 
arduous to process to high tolerances and high dimensional accuracies through the 
employment of conventional manufacturing methodologies. The DLMD processing 
capabilities renders it viable and economical in the processing of complex geometrical 
high-dimensional components.  
Titanium alloys are known to possess excellent material properties that render them 
viable to many industrial applications; the properties include a high strength-to-weight 
ratio, great corrosion performance; and inherently, its quality of properties at elevated 
temperatures. However, titanium alloys do inherently possess properties that incapacitate 
the material for application in wider industries: it’s tribological performance is poor; and it 
has a disposition to react haphazardly with other materials and chemicals [5]. The 
limitations of titanium alloys can be seen in the applications in the biomedical industry, so 
such that the material is not suitable in the application of designing and manufacturing of 
replacement body parts in humans. This is consequential to the harmful reactions that 
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occur when titanium alloys react negatively with other materials. The proposition to 
address this limitation and its incapacities in other industrial applications would be to 
empirically design and manufacture titanium composites, which could include hybrid 
elemental powders, such as Al-Si-Cu.  
This methodological approach – to introduce hybrid-reinforcement powders to titanium 
alloys – holds great prospects and potential in the redemption and viability of the material 
for wider industrial applications that impose high loads and harsh conditions on materials. 
DLMD is a versatile process that has a multitude of applications in the industry, inclusive 
of the following [6]: 
I. The process can be used to build, repair, or even modify the existing components. 
II. The process is more than capable of fabricating metallic, non-metallic, and 
composite products, as well as fully functional products, without the need of any 
handy conventional tools. 
III. The damaged or worn-out tools may be reconfigured, repaired, or restored. 
IV. This process may be used for cladding parts/components. 
V. Complex Industrial components that were previously incapable of being repaired, 
may now be repaired. 
VI. The ability to mould or die components/parts. 
1.2 Problem Statement 
Ti-6Al-4V may have a high specific strength; but it possesses low hardness, which is a 
limitation in the life service of the material in application. Titanium alloy has a considerably 
low density of 4512 Kg/m3; hence, this makes it a light metal, of which there are few with 
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its excellent properties that can be considered in engineering applications [7]. The 
automotive, aerospace, and biomedical industries utilise this metal in their specific 
applications. In this matter, the surface integrity of the metal needs advanced 
improvement through the concept of surface engineering, because its low tribological 
performance and susceptible galvanic corrosion, limit the applications [8]. 
1.3 Aim of the Study 
The main aim of this research is to investigate the influence of molten pool behaviour on 
the microstructure and the characteristics of additive-manufactured Titanium Alloy (Ti-
6Al-4V) by the Direct Laser Metal Deposition (DLMD) technique. 
1.4 Objectives of the Study  
The objectives of this research are as follows: 
I. To determine the structural and morphological effects of the geometry and 
metallurgy, attributed to depositing Ti-Al-Si-Cu hybrid coating on a Ti-6Al-4V 
substrate. 
II. To determine the optimum laser-processing parameters that produce the best 
material properties. 
III. To improve the surface hardness and corrosion resistance of the Ti-6Al-4V 
substrate with Ti-Al-Si-Cu coatings. 
1.5 Hypothesis Statement 
Laser metal deposition of grade 5 titanium alloy (Ti-6Al-4V) was produced with the 
intention to study the behaviour of the molten pool and the surface integrity of the 
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materials. It is expected that the surface integrity of the titanium alloy would be improved 
by the laser- metal deposition technique. In addition, it is expected that the molten pool 
would influence the surface integrity, the inherent properties, and the corrosion resistance 
behaviour of the titanium-alloy material. 
1.6 Significance of the Research 
The enhancement of the surface integrity of the titanium alloy (Ti-6Al-4V) will impact the 
range of applications used in the specific automotive, aerospace, and biomedical 
industries. The anisotropic properties will be investigated, so as to ascertain whether they 
meet the requirements for specific industrial applications. The DLMD technique that will 
be used is uniquely time-efficient and cost-effective in the repair of highly valued 
component parts, which were difficult/prohibitive to repair in the past.  
The empirical provisions will contribute to the current state of knowledge concerning the 
impact of implementing the laser metal deposition process to hybrid-coat grade five 
titanium alloy. 
1.7 Summary 
This investigation proposes the study of molten-pool behaviour and its influence on the 
inherent properties of Ti-6Al-4V when laser-cladded with Ti-Al-Si-Cu hybrid coatings. The 
outline of this research investigation has been presented in this chapter. The next chapter 
provides the current state of knowledge on additive manufacturing, Titanium, and its 
alloys, as well as reviews of the studies conducted by previous authors and scholars, will 
be discussed. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
The current state of knowledge and the technologies pertaining to additive manufacturing 
are investigated in this chapter. Titanium-alloy materials and their relating properties are 
also addressed. The current literature relating to the studies conducted by various authors 
and scholars is reviewed, in order to understand the fundamentals in the field of additive 
manufacturing within the scope of their studies. In addition, the reviews provide the basis 
on which this research investigation may be tailored and corroborated. The incentive of 
the brief literature study is to delve into the potentials of modifying the surface integrity 
and the properties of titanium alloy, and to assess the outcomes in achieving better 
structural, mechanical metallurgical properties for varies industrial applications. 
This chapter studies the additive manufacturing processes as a framework within which 
this research investigation can be tailored to produce good titanium-alloy specimens, 
which may provide more durable, reliable, and economical components, when applied in 
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2.2 Additive Manufacturing 
The rate of improvement in the additive manufacturing technologies is immense – dating 
from its earlier introduction in manufacturing decades ago. Its commercial success and 
great advancements in the different processing techniques used in AM have drawn in 
fervent interest from both academia and the world of business. Rapid prototyping, 
Freeform fabrication, Additive fabrication, Layer-based manufacturing, Rapid 
manufacturing, Solid-freedom fabrication and Additive-layered manufacturing are the 
common names used in association with additive manufacturing, which includes various 
subsets of technological processes [9, 10, 11]. “The process of joining materials to make 
objects from three-dimensional model data, usually layer-upon-layer, as opposed to 
subtractive manufacturing methodologies” is the standard definition given to additive 
manufacturing provided by ASTM F2792-12a [12]. 
The implementation of AM processes in manufacturing is sustainable; since it provides 
greater efficiency, accuracy, and minimal material waste, compared to conventional 
manufacturing methodologies. AM technologies have a great potential to bring about a 
radical dynamic shift in the fabrics of society – so much so that its emergence in the 
manufacturing sector renders conventional manufacturing techniques obsolete. However, 
a few industries have embraced additive manufacturing in their applications; since its 
technologies are newly emergent in the manufacturing field; but signs of promising future 
prospects in their development are clearly evident [13, 14, 15]. Figure 2.1 presnts the 
process in which a product is developed [16]. 
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2.2.1 Additive Manufacturing of Metal Processes 
Metal-Additive Manufacturing has two categories in which the processing techniques may 
be implemented, by the indirect or the direct method. Figure 2.2 is a diagram illustrating 
the different techniques in their respective categories. For the purpose of this research 







Figure 2.1: Development Cycle of a Product [16] 
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The two categories may be distinguished as follows: processes classified as “direct” are 
established when the final component is achieved by completely melting the metal 
powders and allowing them to solidify. The “indirect” processes employ a binder to 
consolidate the metal powders, thereafter, requiring post-processing treatments to 
produce the final component. Laser Metal Deposition (LMD), Electron Beam Melting 
(EBM) and Selective Laser Melting (SLM) are direct additive manufacturing metal 
techniques that completely melt the reinforcement powders; thereafter, solidification is 
achieved to form the desired part. This method of AM allows for parts to be fabricated 
that are denser than the parts produced by the other AM techniques [18]. 
Figure 2.2: Classification of Additive Manufactured Metal Processes [17] 
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2.2.1.1 Selective Laser Melting (SLM) 
SLM is an additive-manufacturing technique that leads most industrial applications; 
because the technique provides the end-user such great precision, at much faster rates, 
than any other available additive-manufacturing technique [18]. Although SLM may be 
like Selective Laser Sintering (SLS), the technique differs, in that it completely melts the 
powders to produce a part, whereas SLS applies sintering to the powders for the three-
dimensional fabrication of parts. 
Moreover, SLM capacitates the production of parts at full density, thereby producing great 
strength, which requires no post-processing treatments, such as infiltration that is 
included in SLS. Complex geometrical parts, which may be too arduous to fabricate by 
using conventional manufacturing methods, can be manufactured efficiently by SLM; the 
technique allows for greater design freedom.  
The empirical study conducted by Armillota et al. [19] showed that when an impression 
block for die casting is manufactured, with “conformal cooling channels” by employing 
SLM, the rate of cooling increases, which eliminates the need for spray-cooling as a 
requirement, when compared with a block traditionally made. It was also observed that 
the final parts that were die-casted, had a much better surface finish, at a reduced cycle 
time.  
As also with the other AM techniques, a three-dimensional computerised model is first 
designed; thereafter, each layer is sliced; and the information is transmuted into the final 
product through the SLM machine. A complete part is built, when first a layer of 
reinforcement metal powders is spanned across the substrate plate; the powders are then 
melted with a laser, according to the input-modelled data to form the x and y-axes cross-
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section of the part. Thereafter, the powders melt and consolidate; as the laser scans and 
builds upon each specified layer. There is material, which does not become part of the 
homogeneous geometrical 3-D part; but it remains unprocessed; this serves as a support 
to the final geometry of the designed part. A subsequent layer of the reinforcement 
powders is swept and added across the substrate plate by a levelling blade; but prior to 
this, the plate is lowered by the thickness of a single powdered layer of material that is 
melted [8]. This process is repeated during the building of the part; as each layer is 












Figure 2.3: Selective Laser Melting Machine [18] 
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2.2.1.2 Electron Beam Melting (EBM) 
Three-dimensional homogeneous parts, which are manufactured by using the Electron 
Beam Melting also completely melt the powdered reinforcement particles. EBM is 
distinguishable by the fact that its technology requires the use of electrons, as the source 
of heat in the melting process compared to other AM Technologies that use laser 
technology. The electron beam is established in a vacuum, according to the set correct 
conditions, in order for the electron beam not to dissipate during the process. 
The electrons are ejected from a filament, once there has been heating at elevated 
temperatures. Bi-magnetic fields are used to control the emission of the electron beam 
and to accelerate it to nearly 149 896 229 m/s [18]. The one magnetic lens focuses the 
electron beam at a specific diameter; while the second one, with a magnetic lens, directs 
the focused beam towards a specified point on the build platform.  
On the build platform, powdered particles are spread as a single layer; and the electron 
beam melts the layer, according to the modelled data. Thereafter, a subsequent layer of 
powder is spread on the build platform after it has been lowered. The layer of powder is 
melted by the beam, according to the cross-sectional axes provided by the modelled data. 
This is a repetitive process that builds the final three-dimensional product [23, 24]. Figure 
2.4 presents the electron-beam melting machine. 
 
 













2.2.1.3 Laser Metal Deposition (LMD) 
Laser Metal Deposition is an additive-manufacturing technique, which is also known as 
“Direct Energy Deposition (DED)” and “Laser Cladding (LC)”. It employs powder to 
manufacture the complete three-dimensional parts; and it assists in the repairing of 
metallic components; which are difficult to repair by using conventional manufacturing 
methodologies. LMD capacitates the addition of extra features to parts and components 
that have already been manufactured. The technique also implements a three-
dimensional computerised model of the desired product to be manufactured. The LMD 
mechanism receives the modelled data, which have been divided into multiple cross-
Figure 2.4: Electron Beam Melting Machine [18] 
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sectional layers. The metallic reinforcement powders are ejected and fed precisely 
through a coaxial nozzle into the created molten pool that the laser beam has created on 
the substrate. A metallurgical bond is formed between the melted powders and the 
substrate material, as a weld bead. The final product is manufactured upon repeated 
cycles of layering and bonding [25]. Figure 2.5 shows the laser-metal deposition machine. 
 
 
2.2.2 Processing Parameters 
2.2.2.1 Laser Power 
The laser power is the measured work capacity at which the laser system supplies 
material into the process. The laser power is directly proportional to the laser-energy 
density supplied to the manufacturing process. The varying of the laser power results in 
Figure 2.5: Laser Metal Deposition Machine [18] 
Page | 16  
material property alterations, such as the structural, mechanical, and microstructural 
properties. An increase in laser power affects the metallurgical properties of a material, 
such that it causes the columnar grains to be coarser, with enlarged grain sizes and 
lamellae microstructures, which is attributed to the increased energy input and the 
reduced cooling rate [26]. 
 The decrease in material strength and hardness is attributed to the promotion of the 
larger grains [27]. The volume fraction of the microstructural martensitic reduced; 
because increased laser power reduces the cooling rates, which in effect reduces the 
material tensile strength; but it improves the fatigue performance and the ductility [28]. 
2.2.2.2 Laser Scan Speed 
The laser moves across the substrate along a predetermined path at a specified distance 
over time, this is the laser scan speed. There is an inversely proportional ratio between 
the laser scan speed and the laser energy density, such that increasing the laser scanning 
speed reduces the LED supplied to the process, and vice-versa. The part being fabricated 
is affected by the laser scan speed, even more so than the material quality and the 
properties are affected [29]. In brevity, high laser scan speeds introduce less powdered 
material into the process; and they only partially melt the deposited powder particles. Low 
laser scanning speeds allow for more powdered particles to be deposited into the melt 
pool [29]. The laser scan speed has an inversely proportional relationship to the laser 
material interaction time (LMIT). Across the total track length of a deposit, the laser will 
interact with the material in a short space of time, when the traverse speed is increased, 
and vice-versa. The traverse speed also influences the resulting structural properties of 
the manufactured part such that when it is increased, the deposit height, the width and 
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the depth all have smaller dimensions than the resulting dimensions of a deposit in which 
the traverse speed was lower, or decreased [30]. 
2.2.2.3 Laser Beam Diameter 
The laser beam diameter is also known as the laser-spot size; and this processing 
parameter has a significant influence on the dimensional accuracy and the surface finish 
of the final product. When the laser beam diameter is small, the laser energy density is 
high and the heat being supplied is more focused, intense and concentrated on a desired 
spot on the base material; whereas increasing the beam diameter increases the area at 
which the laser beam is emitted on the base material. 
Although a good surface finish results from using a smaller beam diameter, a narrower 










Figure 2.6: Laser Beam Mechanism [31] 
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2.2.2.4 Input Flow-Rate Parameters 
The powders and gas are the two prominent feeder-flow rate mediums. The inert gas 
supplied by the feeder into the process conveys the powder into the melt pool; and this 
protects the deposition process from oxidation and other conditions from the environment. 
The insufficiency of gas may contribute to the occurrence of gas entrapped pores within 
the solidified deposit. There are numerous powder particle factors and properties that 
influence the final outcome of the manufactured deposit in terms of its quality and 
structure; the rate at which the powder flows is also determined by the following factors: 
the powder morphology, distribution, porosity, angularity, motional interaction of the 
particles and their hardness property. 
A better atomization is achieved when all these factors and properties are optimum and 
homogeneous. Heterogeneous mixtures may result in porosity, density variation and an 
unstable flow rate. High powder flow rates feed excess powder particles into the melt 
pool; and as a result, the powders are partially or insufficiently fused; because there is 
less energy available to melt the particles. Moreover, the structural, mechanical, and 
microstructural properties of the resulting deposit are poor. However, low powder flow 
rates convey less powder particles into the met pool; and as a result, they are over-melted 
with the substrate as well, which leads to high dilution. Therefore, to manufacture a great 
quality deposit that possesses excellent properties, the powder and the gas-flow rates 
should be optimised [29]. Figure 2.7 shows (a) a three-way powder and gas flow nozzle 
used for LMD; while (b) is an LMD that includes a preheating device on the substrate [32]. 
[32] 
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2.2.2.5 Overlap Percentage 
The overlap percentage (OL%) is the ratio of the overlapping scan width area between 
two deposited layers to the total area of the surface from start-to-end of the deposit. The 
percentage overlap influences the porosity, the density, and the mechanical properties of 




𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑆𝑢𝑟𝑓𝑎𝑐𝑒
 (2.1) 
 
2.2.3 AM Benefits and Limitations 
There is always room for improvement, especially in technological advancements. The 
following is a brief list of the benefits and the limitations of AM technologies [4]: 
 
Figure 2.7: (a) LMD Three-way Nozzle (b) LMD With Pre-heating Device [32] 
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2.2.3.1 Benefits 
The following Is a list of benefits of using Additive Manufacturing: 
I. Freedom to design and innovate without incurring any penalties. 
II. Rapid iteration through the designed permutations. 
III. Excellent for mass customization. 
IV. Elimination of tooling. 
V. Green manufacturing. 
VI. Minimal material waste. 
VII. Energy efficient. 
VIII. Enables personalized manufacturing. 
2.2.3.2 Limitations 
The following Is a list of limitations of using Additive Manufacturing: 
I. Unexpected pre-and post-processing requirements. 
II. High process cost. 
III. Lack of industrial standards. 
IV. Low speed, not suitable for mass production. 
V. Inconsistent materials. 
VI. Limited number of materials. 
VII. High equipment cost for high-end manufacturing. 
Page | 21  
2.2.4 Evolution of AM Technologies 
The timeline of AM technological advancements may be tracked and presented in a layout 
of the past, the present, and possibly the potential future developments and applications 
(Table 2.1) [4]: 
 
Table 2.1: AM Applications Timeline [4] 
Year Application 
1988-1994 Rapid Prototyping 
1994 Rapid Casting 
1995 Rapid Tooling 
2001 AM for Automotive 
2004 Aerospace Polymers 
2005 Medical (Polymer Jigs and Guides) 
2009 Medical Implants (Metals) 
2011 Aerospace (Metals) 
2013-2016 Nano-manufacturing 
2013-2017 Architecture 
2013-2018 Biomedical Implants 
2013-2022 In Situ Bio-manufacturing 
2013-2032 Full Body Organs 
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2.3 Titanium and Its Alloys  
The major industries, such as surgery, sports, medicine, aerospace, automotive, power 
generation, chemical plant, oil and gas extraction demand high levels of performance. 
The high strength, low weight ratio and excellent corrosion resistance that Titanium and 
its alloys possess, has led to a wide and diversified range of successful applications in 
the different industries [34]. Engineering materials that are heavier, less serviceable, or 
less cost effective, such as stainless steel; are replaced by Titanium in most of its 
engineering applications. The implementations of titanium in industrial engineering 
applications – while accounting for all these factors – has resulted in more reliable, 
economic, more durable systems and components, which in many cases have 
substantially improved the performance and the service life expectations [34]. Titanium 
alloys are much stronger than pure titanium; and they come in several different grades. 
At the “Ilmen Mountains of Russia” there is a mineral sand that contains FeTiO3 that is 
known as ilmenite; while Mexico, Australia and India have beach sand that contains TiO2 
that is known as rutile (it is used in plastic, paint and paper and as a white pigment). 
These are the places where Titanium (Ti) is occasionally found [35]. The “Kroll process” 
is a method used widely to process titanium. Ti is produced in a batch because the 
processing method is expensive, since the metal is rarely discovered in its highly 
concentrated pure form. 
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Figure 2.8 presents the density measurements of the provided metals; and it is seen that 









2.3.1 Metallurgy of Titanium 
The production of titanium is conducted through material science that studies and 
investigates the metallurgical properties and the behaviour of the material. These 
properties are of prominence in the engineering and manufacturing of the material into 
various parts and complex geometries for specific industrial applications. 
Figure 2.8: Density Measurements of Selected Metals [35] 
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2.3.1.1 Crystalline Structures of Titanium 
The crystalline structures that titanium can take shape of are achieved within a specific 
range of temperatures; and thus, they are stable. The alpha titanium (α-Ti) structures are 
Hexagonally Closed Pack (HCP); and they are achieved and stable at low temperatures. 
The beta titanium (β-Ti) structures are body-centred cubic (BCC); and they are achieved 
and stable at high temperatures. Figure 2.9 presents the (a) HCP α-phase and the (b) 
BCC β-phase atomic cell units. 
 
The plastic deformation improves in the crystal structures from HCP to BCC to FCC 
(Face-centred Cubic) lattices [35]. The HCP and BCC have a three and twelve slip 
system, respectively. Plastic deformation occurs homogeneously in metals, when there 
are at least five slip systems independently, as proposed by the Von Mises criterion. 
Therefore, HCP α-Ti have difficulty in deforming. The BCC β-phase has planes, which 
Figure 2.9: Atomic Cell Units of (a) HCP α -phase (b) BCC β-phase [35] 
(a) (b) 
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are densely packed; and when subjected to cooling, they transform to the HCP α-phase 
basal planes [35]. The HCP α-Ti have atoms, which are densely packed; and as a result, 
the diffusion, as well as the coefficient magnitude are lower than that of the BCC β-Ti 
crystal structure. The α-phase and β-phase have variant diffusion coefficient magnitudes, 
as a result of their microstructural and mechanical performance effects [35]. 
2.3.1.2 Titanium Alloy Classifications 
The three classifications of titanium alloys are α-, β-stabilisers and neutral elements: 
I. α-stabilisers: elements, such as Oxygen (O), Aluminium (Al), Nitrogen (N) and 
Carbon (C) bring stability to the α-phase field within a particular temperature range; 
and when the temperature is elevated, the α-phase develops into a (α+β) phase 
field [36]. 
II. β-stabilisers: These are elements that stabilise the β-phase field by reducing the 
high temperature range, such as Tantalum (Ta), Molybdenum (Mo), Tungsten (W) 
and Vanadium (V), which are β-isomorphous; and they are soluble in titanium. 
Elements, such as Copper (Cu), Nickel (Ni), Manganese (Mn), Iron (Fe), Hydrogen 
(H), Silicon (Si) and Cobalt (Co) are β-eutectoid, which promotes their intermetallic 
compound formation. There are traces of β stabilisers in the α-phase that promotes 
near-alpha alloys [36]. 
III. Neutral stabilisers: Elements, such as Zirconium (Zr) and Tin (Sn) are used to 
alloy titanium; but they have no significant effect on the α- and β-phase fields [36]. 
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2.3.1.3 Customary Titanium Alloys 
2.3.1.3.1 Alpha (α) Alloys 
The Process and Chemical engineering industries employ titanium alpha alloys; because 
they exhibit great creep characteristics, oxidation resistance, good corrosion, and high 
strength performance within a range of temperature applications from 316˚C-593˚C in 
annealed or recrystallised states. The ductility of the material is affected by the varying 
levels of oxygen, which in effect improves the material strength. The discovery of Carbon 
and Iron during the processing of this alloy material classifies them as being impurities. 
The grades of titanium which constitute the alpha alloys are Ti grades one to four. 
This type of titanium alloy is employed in the application of pressure vessels, fittings, deep 
drawing, and mountings [36]. The strength of a titanium alpha grade alloy cannot be 
improved by heat treatment processing; because the alloy is a single phase, which poses 
a significant limitation to the material. To obtain the alpha-alloy morphological structure, 
the beta phase is cooled; and the transformation then takes place [37].  
 
2.3.1.3.2 Near Alpha (α) Alloys 
The creep strength of near-α alloys is greater than that of α alloys up to the temperature 
of 400˚C [38]. Near-alpha alloys are ideal for high-temperature applications. Processes 
that subject materials to high temperatures render near-alpha titanium alloys viable for 
the application; because they provide a combination of high strength from the (α+β) phase 
and the excellent creep characteristics of the alpha-alloy phase [36]. 
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2.3.1.3.3 Alpha (α) + Beta (β) Alloys 
The (α+β) titanium alloys consist of a combination of alpha and beta alloys. The alpha 
alloys that comprise the α-stabilisers provide a 4-6% improvement in the strength of the 
material, while the β-stabiliser elements facilitate in retaining the β-phase upon quenching 
from the β or (α+β) phases. The conventional titanium grade alloy that is classified as an 
(α+β) alloy is Ti-6Al-4V; and it is the most commonly used alloy in this category; because 
it offers great versatile balance in those properties that interest the aerospace industry to 
employ it widely in their applications. Table 2.2 provides the α+β titanium alloys together 
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Heat treatable, high-strength, most commercially available Ti alloy 
(“workhorse” alloy for aerospace applications), for use up to 400˚C 
offering an excellent combination of high strength, toughness, and 
ductility along with good weldability and fabricability. 
Ti-6Al-4V ELI 
(Grade 23) 
Extra low interstitial version of Ti-6Al-4V offering improved ductility and 
fracture toughness in air and saltwater environments, along with 
excellent toughness, strength, and ductility in cryogenic service as low 




Extra low interstitial, Ru-containing version of Ti-6Al-4V offering 
improved fracture toughness in air, seawater, and brines, along with 
resistance to localized corrosion in sweet and sour acidic brines as 
high as 330˚C. Approved for sour service use under the NACE MR-01-
75 Standard. 
Ti-6Al-7Nb High strength Ti alloy with good toughness and ductility, used primarily for medical implants stemming from its excellent biocompatibility. 
Ti-6Al-6V-2Sn 
Heat-treatable, high-strength Ti alloy with higher strength and section 
hardenability than Ti-6Al-4V, but with lower toughness and ductility, 
and limited weldability. It can be used in mill-annealed or in the aged 
(very high strength) condition. 
Ti-6Al-2Sn-4Zr-
6Mo 
Heat-treatable, deep-hardenable, very high strength Ti alloy with 
improved strength to temperatures as high as 450˚C, with limited 




Heat-treatable, high strength forging alloy with good strength and creep 
resistance to temperature as high as 400˚C. 
Ti-6Al-2Sn-2Zr-
2Mo-2Cr-0.15Si 
Heat-treatable, high-strength Ti alloy with strength and fracture 
toughness-to-strength properties superior to those of Ti-6Al-4V, with 
excellent superplastic formability and thermal stability. 
Ti-4.5Al-3V-2Mo-
2Fe 
Heat-treatable, high-strength Ti alloy with superior strength and 
exceptional hot and superplastic formability compared to Ti-6Al-4V, 
combined with good ductility and fatigue resistance. 
Ti-5Al-4Cr-4Mo-
2Sn-2Zr 
Heat-treatable, deep section hardenable, very high strength Ti alloy 
with superior strength and creep resistance over Ti-6Al-4V to 
temperatures as high as 400˚C, and limited weldability. 
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2.3.2 Microstructures of Titanium and Its Alloys 
Any variation in the thermo-mechanical processing of titanium promotes the following 
three distinct microstructures [40]: 
I. Lamellar Microstructures. 
II. Equiaxed Microstructures. 
III. Bimodal Microstructures. 
The properties a titanium material possess are influenced significantly by the morphology 
of the microstructures. Titanium alloys have their microstructures described by how fine 
and coarse the textured structures appear; and how the lamellar and equiaxed structures 
are arranged that define the microstructural morphology of the α- and β-phases [35]. 
2.3.2.1 The Lamellar Microstructure 
It occurs that cooling the beta phase field that is above the β-transition temperature of 
approximately 900˚C elicits lamellar microstructures. However, below the β-transition 
temperature, the alpha grains grow – permeating the prior beta grains after they initially 
nucleate from the grain boundaries. When the β-phase is subjected to cooling above the 
“Martensitic Start Temperature (MST)”, it is transformed into martensitic structures. 
Conversely, the volume fraction of the β-phase reduces and ceases to transform into 
martensite when the temperatures are below the MST [35]. Figure 2.10 presents the 
microstructure of Ti 6242 that is a lamellar structure of (α+β) upon cooling from β-phase 
field [41]. 
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The cooling rate determines whether the lamellar structures will be fine or coarse. A full 
and fine lamellar microstructure is achieved when the beta phase field is slowly cooled, 
whereas a coarse lamellar microstructure is achieved upon fast cooling from the beta 
phase field. Figure 2.11 presents the microstructures of Ti-6Al-4V; and it is seen that after 
furnace cooling, fine acicular lamellae microstructures formed; and when water quenched 
from 1050˚C, 800˚C and 650˚C, coarse β-phase martensitic microstructures are formed 
[35, 41]. 
The β-phase is stabilised and enriched by vanadium at low temperatures; because under 
constant conditions, the α- and β-phases alter in their chemical composition in the (α+β) 
phase field, in consequence of reducing the temperature [35]. 
 
Figure 2.10: Ti 6242 Lamellar Microstructure Cooled From β-phase Field [41] 




Figure 2.11: Ti-6Al-4V Alloy Microstructure After (a,c,e) 50˚C/hr Furnace Cooling and (b,d,f) Water Quenching 
From 1050˚C, 800˚C and 650˚C [35] 
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2.3.2.2 The Equiaxed Microstructure 
The equiaxed microstructure is achieved when the material is cold-worked by deforming 
the (α+β) two-phase field greatly; and this is followed by solution heat treating; thereafter 
recrystallisation occurs; and this promotes the fine equiaxed microstructure. Figure 2.12 
(a) shows that a fine equiaxed microstructure had occurred after recrystallizing from short 
intervals of annealing. In contrast, when the material was annealed for longer intervals, a 
coarsened equiaxed microstructure had formed, which is shown in Figure 2.12 (b). 
Applications that subject materials to superplastic deformation are favourable conditions 
for the properties of equiaxed microstructures; because they possess high fatigue 
strength and great ductility [35, 36]. 
Anisotropic mechanical properties may result from the varying cooling rates that are 
attributed to the distinct plate-like, equiaxed and acicular morphological features of the α-
phase microstructure [36]. 
 
Figure 2.12: Equiaxed Microstructures of Ti-6Al-4V After Recrystallisation (a) Fine Equiaxed Microstructure (b) 
Coarse Equiaxed Microstructure [35] 
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2.3.2.3 The Bimodal Microstructure 
A bimodal microstructure is the combination of an equiaxed and lamellar microstructure. 
This type of microstructure is achieved when Ti-6Al-4V is solution-heat treated below the 
β-transus temperature. In addition, the advantageous properties provided by equiaxed 
and lamellar microstructures are in combination; and they are present in the bimodal 
microstructure. Figure 2.13 presents a bimodal microstructure of Ti-6Al-4V under a (a) 
optical microscope and (b) transmission electron microscopy.  
The various distinct microstructures of titanium and its alloys are promoted by the 
complex thermo-mechanical treatments that occur sequentially; namely, homogenisation, 
deforming, recrystallizing and annealing – to redeem internal stresses [40]. Fine 
microstructures improve the hardness, ductility, strength, plastic deformation; and they 





Figure 2.13: Bimodal Microstructure of Ti-6Al-4V (a) OPM (b) TEM [35] 
Page | 34  
2.3.3 Applications 
Titanium and its alloys are mostly used for: 
I. Gas Turbines. 
II. Direct Manufacturing of parts and prototypes in the automotive and aerospace 
industries. 
III. Chemical Industry. 
IV. Marine applications. 
V. Implants and prostheses in biomechanical applications. 
2.4 Laser-Additive Manufacturing of Titanium Alloy Composites 
Dai et al. [42] employed laser-surface alloying to fabricate compact and uniform system 
coatings of Ti-Al-Si, with various contents of Si on the titanium alloy Ti-6Al-4V surface, to 
improve the titanium alloy Ti-6Al-4V surface properties. The Ti-Al coating and Ti-Al-Si 
coatings were fabricated at the same time for comparison of the properties. The fabricated 
coatings resistance to high temperature oxidation, hardness and microstructure were 
investigated. The results obtained confirmed that the coatings bonded excellently with the 
titanium alloy Ti-6Al-4V substrate. 
The Ti-Al-Si coatings were uniform and dense, displaying no clear indications of 
penetrating cracks. However, the Ti-Al coatings displayed the formation of several 
penetrating cracks because the coating was too brittle; and there was a difference in the 
coefficient of thermal expansion between the fabricated coating and the Ti-6Al-4V 
substrate. There was a large Ti-Al phase contained in the Ti-Al-Si system coatings; and 
this was strengthened by the formation of the Ti5Si3 phase. The Ti5Si3 phase reinforced 
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in the Ti-Al-Si system coatings included a dispersion in its distribution. The Ti5Si3 
proportion increased when the content of SI was increased in the content. Then, all the 
average hardness results of coatings were higher than the hardness results of the 
substrate. The Ti-Al coating, first Ti-Al-Si coating, second Ti-Al-Si coatings and the third 
Ti-Al-Si coating average hardness were found to be 604HV, 710HV, 807HV and 900HV, 
respectively. The microhardness of the Ti-Al coating was found to be lower than that of 
the Ti-Al-Si system coatings. This was because of the effect of the phase formation of 
Ti5Si3 that was reinforced. Hence, the increased hardness of Ti-Al-Si system coatings 
was due to the increased Si concentration [42]. 
The hardness of the third Ti-Al-Si coating was the highest; and this was attributed to the 
highest Ti5Si3 proportion and the highest content of Si. The substrate showed significantly 
higher mass grains at 800˚C for 1000h than the fabricated Ti-Al-Si system coatings and 
the Ti-Al coatings. The high content of Al, in both the Ti-Al and Ti-Al-Si system coatings, 
improved the resistance of the high temperature oxidation excellently at 800˚C for 1000h, 
when compared to the substrate. There were various layers of TiO2 and Al2O3 oxide 
scales that formed on the microstructures of the coatings. The first and second Ti-Al-Si 
system coatings might have had a much lower Al surface content, when compared with 
the Ti-Al coating; but it possessed great oxidation high temperature resistance, which was 
achieved by the consolidation effect of the Si and Al [42].  
In addition, the oxidation high temperature resistance of the Ti-Al-Si system coatings 
improved excellently with the increase content of Si. This improvement of the oxidation 
high-temperature resistance of Ti-Al-Si system coatings with an increase in Si, not only 
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promoted the oxide scales formation of Al2O3 on the microstructure; but it also refined the 
grains of the oxide [42].  
 
Wu et al. [43] investigated the effects of the molten pool size on the microstructure and 
the mechanical properties of titanium components. The AM technique used was wire arc 
additive manufacturing (WAAM). It is an efficient and cost-competitive technology to 
produce large structure components in industrial domains. It was ascertained that the 
mechanical properties are mainly dominated by the final modified microstructure, which 
in turn, is affected by the molten pool size. This falls within the ambit of this research, to 
study the influence that the molten pool behaviour has on the metallurgy and the 
characteristics. 
The researchers used a series of Ti-6Al-4V alloy blocks with different widths of molten 
pool (WMP) that ranged from 7 mm – 22 mm that were deposited by varying the wire feed 
speed (WFS) from 100 cm/min – 50 cm/min. The macrostructure changed from columnar 
grains to equiaxial grains; and it returned to large columnar grains, when the WMP was 
increased, due to the different cooling rates and the thermal gradients. Increasing the 
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The study conducted by Bagheri et al. [44] was based on Laser Engineered Net Shaping 
(LENS), which is a Direct Laser Deposition (DLD) technique that can be used to directly 
build complex 3-D parts from metal powders in a combined deposition/laser-melting 
process. The study experimentally investigates the effects that the LENS process 
parameters, such as laser power, powder-feed rate, and the traverse speed, has on the 
resultant microstructure, hardness, and tensile strength of Ti- 6Al-4V parts. The 
microstructure was characterised by grain size and morphology by using Optical 
Microscopy (OM) and Scanning Electron Microscopy (SEM). The microstructural and 
mechanical properties were ascertained; and the relationships with the process 
parameters were achieved. Their results indicated that slow traverse speeds increase the 
scale of columnar grains, while other process parameters were kept constant. 
Higher laser powers and slower traverse speeds result in the increase in the size of the 
α and β laths. The grain size was impacted by the different cooling rates inherent to LENS; 
therefore, the ultimate tensile and yield strengths of the LENS specimens were found to 
be higher than those of cast and wrought material. However, the percentage elongation 
to failure was consistently lower than that of the wrought material [44].  
Detailing what was found, when the traverse speed was increased, it resulted in the 
columnar grains becoming longer and finer, due to the decreased energy density of the 
previously deposited layer; therefore, the thickness of the layers was decreased. It was 
hypothesised that to maintain a full density, the powder rate must also be proportionally 
increased, when the traverse speed was increased. Increasing the laser power caused 
the length of the columnar grains to decrease; and these were gradually replaced by large 
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equiaxed grains; α and β lath. Also, this removed the pores, resulting in more dense layers 
[44]. 
Columnar microstructures became prevalent due to the dynamic temperature 
gradients/spikes, and sustainable cooling rates, pertaining to fabricating DLD Ti-6Al-4V. 
It was ascertained that by increasing the traverse speeds, the cooling rates also 
increased, which resulted in the decrease in the width of the columnar grains. The ultimate 
and yield strengths of the fabricated specimens were found to be higher than those of 
cast and wrought Ti-6Al-4V [44]. 
Finer microstructures are achieved by increasing the cooling rates, which are mainly 
responsible for such increases. The presence of imperfections (e.g. voids, partially melted 
powder particles and oxide inclusions) led to lower elongation-to-failure, compared to 
those of the cast and wrought materials [44]. 
 
Zhao et al. [45] studied the microstructure, the static properties, and the fatigue crack 
growth in Ti-6Al-4V, fabricated by additive manufacturing (AM). The researchers 
conducted a comparative study between the LENS and EBM. The Samples were 
fabricated by various process parameters and subjected to various heat treatment 
conditions, which resulted in distinctive microstructures and mechanical properties. In the 
results they obtained, the layering process during LENS and EBM was attributed to the 
unique microstructural features in Ti6Al4V, including columnar beta (β) grains, layer 
bands, and very fine alpha morphologies. Unstable martensitic α′ were present in LENS 
Ti6Al4V, which significantly increased the tensile strength, but reduced the ductility [45].  
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Raju et al. [46] employed the laser metal deposition (LMD) process to study the 
microstructural and mechanical characterization of Ti-6Al-4V refurbished parts. The main 
objective was to ascertain and interpret how laser energy density influences and modifies 
the microstructure, the microhardness, the tensile properties, and the phase 
transformation of the refurbished Ti-6Al-4V parts by the LMD additive-manufacturing 
technique. The research was mainly focused on the multiple layering of Ti-6Al-4V powder 
being deposited on a section of Ti-6Al-4V based aero-engine blade material, by applying 
the LMD process, while varying a combination of process parameters. 
The following conclusions were drawn, based on the experiment and the results obtained: 
The microstructural transformation of β to α martensite was reduced/ceased slightly along 
the top, where the laser path was exposed during the process. A concentration of phases 
was visible, when measured from X-ray diffraction; and peak intensities confirmed that 
there was an increase in the acicular α phases. The measurement(s) indicated that there 
was approximately a 50% decrease in the relative concentration of β phases on the 
microstructure. The research results and conclusions were correlated with the theory of 
phase transformations in Ti-6Al-4V alloys [46].  
 
Greitemeier et al. [47] employed the electron and laser-beam melting process to 
investigate the fatigue performance of additive-manufactured Ti-6Al-4V. The main 
objective of the investigation was to conduct experiments that would contribute an 
enhanced understanding of the factors influencing the fatigue performance of laser-
powder bed (DMLS) and electron beam melted (EBM) Ti6Al4V. Two different post build-
up heat treatments were employed in the investigation; annealing at 710 ْC for 2 hours in 
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a vacuum, followed by cooling in an argon atmosphere. It was noted that the high cycle 
fatigue properties were influenced by process-inherent surface roughness. The fatigue 
properties were dominated by defects, consequent to the absence of the roughness. The 
internal defect sizes were reduced due to hot isostatic pressing. The fatigue performance 
of the milled specimens was affected greatly by the microstructural non-homogeneities 
[47].  
 
Ter-Haar et al. [48] conducted a study to improve and optimise the tensile properties of 
SLM-produced Ti-6Al-4V by obtaining a basic understanding of how annealing strategies 
influence the microstructure. Various heat-treatment strategies were employed on the 
samples. Correlations were made between the annealing strategies and the 
microstructure, as well as between the printing process and the microstructure; and these 
were based on the microstructural analysis conducted by the electron-backscatter 
diffraction and optical microscopy. Correlations were made, based on the tensile test 
results obtained. The increase in the annealing temperature, reduced the tensile strength, 
while it increased the ductility and the stiffness. It was discovered that the ductility and 
the stiffness of the as-built samples improved when they decomposed from a fine 
martensitic (α’) microstructure into a dual-phase (α+β) microstructure at approximately 
800 °C. There was a substantial increase in the ductility at constant high material strength, 
when a bi-lamellar microstructure was formed by an optimal duplex-annealing strategy.  
 
 
Page | 41  
Rawal et al. [49] modelled drawings of a three-dimensional CAD model bracket that was 
developed to include minimal surface layers in excesses for producing a smooth surface 
finish during machining. Several parts were built simultaneously in the available chamber 
size. The costs and benefits were analysed to assess the merit of using additive-
manufacturing for future spacecraft components. Several Ti-6Al-4V rod specimens were 
built under the same EBM processing conditions, in order to conduct mechanical property 
measurements by preparing the subscale test specimens. The results obtained provided 
information on the average material properties that were comparable to the properties of 
the wrought alloy. The quality of each finished product was inspected by employing a 
non-destructive method of testing. The destructive tests performed at a few component-
levels provided validation that the tested component could survive operational load 
conditions, due to its adequate margin-of-safety. 
The EBM manufacturing process was initially used to ascertain the microstructure and 
the mechanical properties of the Ti-6Al-4V cylindrical bars that were produced. The tests 
produced results of the properties of the EMB-processed specimens that were in close 
correlation to the wrought and machined Ti-6Al-4V specimens. The 3-D CAD files of 
several Ti-6Al-4V components, such as wave-guide brackets, strut-end fittings; and these 
were manufactured. The components were near net-shaped, approximately 2-mm excess 
deposit than the final machined thickness. The outer surface finish of the fabricated 
components was, in most areas, rough during the first employment; therefore, each 
component was carefully machined to its final dimensions. The results revealed that 
several Ti-6Al-4V brackets were viable for the Juno spacecraft, which was launched in 
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August 2011. Thus, successful insertion of EBM-processed parts should form the basis 
of application for the use of additive manufacturing in future spacecraft components [49]. 
 
Saboori et al. [50] conducted a study of the microstructure and the tensile properties of 
titanium alloys produced by Directed Energy Deposition (DED). A schematic discussion 
was carried out, regarding the correlation between the process parameters, thermal 
history, and the microstructural characteristics of the titanium parts. The process 
parameters used by DED to produce the components have a significant influence on the 
thermal gradient and the cooling rate, hence the thermal history and porosity. The parts 
produced during the DED process experienced a thermal history of great complexity. 
These were  influenced by the multiple process parameters, and by a few process 
uncertainties. 
 Research conducted in this field mostly focused on improving the density and the 
microstructure of the components produced by the DED process – by optimising the 
process parameters to obtain a properly sized melt pool – which is of relevance in the 
main objective of this current study – a homogeneous temperature distribution. 
Regardless of all the effort into optimising the process parameters to reduce the number 
of defects and to improve the mechanical properties; and the microstructure of the 
produced components, there exist some challenges that still need to be further 
investigated and addressed. The main challenges of concern are the correlation between 
the process parameters, the thermal history, solidification, microstructure, and 
mechanical properties [50]. To date, research projects on DED have demonstrated that: 
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I. For successful deposition of titanium alloys, it is important to find the optimum 
combination of process parameters, namely the powder-feeding rate, the laser 
power, and the Z-step. 
II. What define the final microstructures are the two possible mechanisms of 
solidification that occur in the melt pool during the DED process. Either a 
heterogeneous nucleation of equiaxed grains on the partially melted particles 
and/or the epitaxial growth of the parent grains.  
III. In determining the resulting metallurgical alterations succeeding the direct energy 
deposition process, factors, such as the thermal gradient, the penetration depth 
during melting, the thermal gradient and the heterogeneous nucleation sites all 
contribute to the final microstructure; and they are influenced overall by the mass 
deposition rate. Columnar grains form when a low specific mass deposition rate is 
employed, whereas predominantly fine near-equiaxed grains are promoted when 
the specific mass deposition rate is high. 
IV. Titanium alloys employed by DED, have a very fine basket-weave microstructure 
composition and a uniform microstructure consisting of columnar grains in 
comparison with the equiaxed grains. 
V. Titanium parts manufactured by DED, exhibit higher strength and lower ductility 
values than the conventionally processed parts. 
VI. Widespread presence of anisotropy is detected in the tensile characteristics of the 
DED parts: The detections are found between the samples deposited in the X-
direction and Y-direction, with the higher tensile strengths found in the X-direction.  
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Mahamood and Akinlabi [51] conducted a study of the effects that laser power and the 
powder-flow rate have on the properties of the laser-metal deposited Titanium Alloy – Ti-
6Al-4V. The metallographic property of interest was the microhardness. The laser power 
had been varied between the intervals of 1.8kW and 3.0kW, and the powder-flow rate 
was varied between the intervals of 2.88g/min and 5.67g/min. The parameters that were 
kept constant were the gas-flow rate; at 0.005m/s, and the scanning speed; at 5.67g/min. 
The results obtained showed the importance that the process parameters have in the 
laser-metal deposition process. It was observed that as the laser power was increased, 
at a decreasing powder-flow rate, the microhardness was low, due to the increase in the 
production of the Widmanstätten alpha microstructure. A high microhardness was 
achieved when the laser power was decreased, and the powder flow rate was increased; 
a martensitic alpha microstructure was observed. This study ascertains that in order to 
achieve the desired properties, the right combination of process parameters needs to be 
achieved. Also, by employing the correct combinations of processing parameters in the 
LMD process, one may produce a final product with an improved microhardness value 
[51]. 
 
Gharbi et al. [52] investigated the surface finish issues of the direct-metal deposition 
process on the widely used titanium allow (Ti-6Al-4V). It is one of the main issues that 
has hardly been addressed in studies; since it is one of the main limiting factors of the 
LMD process, because final products systematically require post-machining steps for a 
desirable surface finish. The study distinctly differentiates between micro-roughness and 
macro-waviness, as being two of the specific contributors to surface modifications. The 
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Yb-YAG disk laser was used, and the influence the main process parameters has on the 
final surface finish quality was studied. The focus was based on how physical 
mechanisms are responsible for poor surface finishes, and the possible experimental 
solutions for improving the surface finish quality. In obtaining a comprehensive 
understanding of how the physical mechanisms were responsible for the poor surface 
finishing, they; precisely characterized the laser beam and the powder stream. Used 
varies process parameters (laser power, scanning speed, gas flow rate and 
Gaussian/Uniform beam distribution) to carry out many multi-layered walls. Conduced an 
analysis of the melt pool dynamics and melt pool – powder stream coupling, by employing 
a real time fast camera. And, employed 2-D and 3-D profilometry to characterise the wall 
morphologies against the process parameters [52].  
The results obtained confirmed that the non-melted or partially melted particles that stuck 
on the free surface, and the meniscus formation with a slightly pronounced curvature radii 
are the two distinct aspects that facilitate in surface degradation. Other aspects that had 
a beneficial effect on the roughness parameters were the reduction of the layer thickness, 
and the increase of the melt-pool volumes to favour the re-melting processes. The melt-
pool geometries and the resulting surface finishes were correlated by a simple analytical 
model that was proposed [52]. 
 
Waryoba et al. [53] investigated the microstructural evolution of additive-manufactured 
titanium alloy (Ti-6Al-4V), using the Electron Beam (EB) and the Laser-Direct Energy 
Deposition (DED) processes. During the cooling process, basket-weave α lath structures 
were formed by the transformation from the prior β grains for both the EB and Laser DED 
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processes. Strong micro-texturing and a pronounced variant selection resulted in 
consequence of the high EB and the DED process heat-input, that formed coarse α laths 
and large prior β grains. In contrast, fine α lath basket-weave microstructure with fine prior 
β grains was formed by the lower heat-input of the Laser DED process, which resulted in 
no micro-texturing nor any variant selection. However, coarsening of the α laths was 
observed when hot isostatic pressed (HIP) post-processing was introduced to both the 
EB and the Laser DED processes, but still no micro-texturing nor variant selection change 
was observed [53]. 
The micro-textures for both the EB and the Laser DED processes were ascertained to be 
weak at the locations near the substrate, for both conditions. However, a strong 
microstructure and prominent variant selection was exhibited with increasing build height 
for the EB and the DED builds; whereas with the Laser DED builds, a weaker micro-
texture and no pronounced variant selection was produced with all the increasing build 
heights. There was no impact on the governing micro-texturing and the variant selection 
when the hot isostatic post-processing cycle was introduced in both the EB and the Laser 
DED processes [53]. 
 
Ravi et al. [54] investigated the microstructural control of the direct laser deposition 
Titanium-based alloy (Ti-6Al-4V), by employing two laser processing modes: continuous 
wave (CW) and CW+PW (Pulsed Wave) modes and varying the laser power. The as-
fabricated microstructure was investigated by using optical microscopy (OM), and 
secondary electron microscopy. It was observed that the microstructure was influenced 
significantly by the two laser modes, and the laser power. Large columnar grains were 
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well-developed by the CW mode, and by introduction of the PW mode, the epitaxial grain 
growth was effectively suppressed, which promoted the development of an equiaxed 
grain structure during the direct laser-deposition process. The grain size and phase 
structure were influenced significantly by the laser power; increasing it resulted in larger 
grains, and a coarser microstructure to form [54]. 
 
Qiu et al. [55] fabricated large Ti-6Al-4V samples by Direct Laser Deposition (DLD) at 
varying processing conditions. A few as-fabricated samples were Hot Isostatic-Pressed 
(HIP) and stress-relieved. Metallurgical studies were conducted, in which all the 
microstructures of the samples were characterised by employing X-ray Diffraction (XRD), 
Scanning Electron Microscopy (SEM) and Optical Microscopy (OM). The tensile strength 
properties of the samples were ascertained. The results showed that a minimum porosity 
was achieved at high laser power complemented with a low powder-feed rate. The laser 
nozzle that moved along the z-step (build height direction) resulted in the geometrical 
integrity and build height being sensitive. The build height was smaller (under-built) than 
the specified height, when the z-step was too big; and an excessive build height was 
created when the z-step was too small. The specified build height and the desired 
geometry were achieved by scaling-up the samples in smaller z-steps. The microstructure 
formed was dominated by columnar grains and martensitic needle-like structures with the 
formation of a beta phase. This resulted in low elongations and a high tensile strength. 
There was anisotropy at the interfaces, due to the pores caused by the lack of fusion at 
the interlayer. This showed that the elongation was lower for the vertically machined 
samples than for the samples that were machined horizontally. 
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The martensitic structure was transformed into a α+β lamellar structure after effectively 
applying Hot Isostatic Pressing; it closed all the planar pores; and it eliminated the 
mechanical anisotropy; but it reduced the tensile strength and it improved the ductility. 
Un-clamping of the as-fabricated structures caused pronounced distortion; but effective 
Hot Isostatic Pressing assisted in recovering the distorted structure shape. Aerospace 
parts must be manufactured at a high quality and performance by using DLD, together 
with the Hot Isostatic Pressing [55].  
 
Kumar and Nair [56] conducted a study focusing on the Laser Metal Deposition (LMD) 
remanufacturing of Ti-6Al-4V material for already existing Ti-6Al-4V parts. It was revised, 
in order to obtain great mechanical (bond strength) and metallurgical properties (fine grain 
structure) for aerospace applications. The process parameters of the LMD process had 
to be optimised. The scanning speed, laser power and the powder feed rate were 
optimised at 700mm/min, 2650W and 5 g/min, respectively by using Taguchi’s L9 
orthogonal array method. The performance of the optimum process parameters was 
ascertained by conducting trial experiments for verification; and the effects that the 
process parameters had on the deposit were studied by using the Analysis of Variance 
(ANOVA). The residual stress was highest in test specimens that were optimised; and 
they displayed good bonding strength when observed by employing the X-ray Diffraction 
method. The results showed that the residual stresses of the optimised specimens were 
compressive. The deposited Ti-6Al-4V material and optimisation of the process 
parameters enhanced the properties of the complex refurbished aero-engine parts [56]. 
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Mahamood et al. [57] studied the effect attributed to the microstructure and the 
microhardness by the laser-power process parameter of laser metal that deposited 99.6% 
pure Ti-6Al-4V powder material at 150-200μm particle size on 99.6% Ti-6Al-4V substrate. 
As the laser power ranged from 0.8 – 3.0kW, the other process parameters were kept 
constant, such as the gas flow rate at 4 l/min, the powder flow rate at 1.44 g/min, and the 
scanning speed at 0.005 m/sec. The Optical Microscope (OM) was used to study the 
microstructure. The microhardness was ascertained by using the Vickers hardness tester. 
An exceptional observation was made; layer bands were present in all those samples, 
which corresponded with the characteristic occurrences of multi-layer deposits. The 
formation of the bands was attributed to the fusion of the multiple-layer interfaces. The 
solidification process in the fusion zone between the deposited powder material and the 
melt pool on the substrate resulted in shrinkage occurring, which was attributed to the 
formation of the band. Only a single layer of deposit was applied. As the power was 
increased, it resulted in a fine and coarse globular primary α microstructure in the heat-
affected zone. A columnar grain structure, ranging between low and high density was 
observed prior to the β grain structure. Increasing the power resulted in structures 
between the fine martensite to dense martensite. The increased power resulted in the 
average microhardness also increasing [57]. 
 
Weng et al. [58] studied the effects of fabricated laser-cladded composite Co-based 
coatings (mixed Co42 + B4C powders) on the microstructural evolution and the tribological 
properties on a Ti-6Al-4V titanium substrate. The scanning speed and laser power were 
considered in the effects. The results showed that the composite coatings were 
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composed of TiB, TiB2, NiTi, TiC, CoTi2, Tic, Cr7C3 and γ-Co/Ni. The wear and 
microhardness properties of the composite coatings were enhanced, in comparison with 
the properties of the titanium substrate. Therefore, it was understood that the laser-
deposition process parameters had a beneficial influence on the microstructure, the 
microhardness, as well as the wear properties of the deposited coatings. 
The laser specific energy decreased between 12.7 kJ.cm2 to 4.9 kJ.cm2; and this was 
attributed to the refinement of the TiB particles and the TiC dendrites. A better wear 
resistance and a higher microhardness were achieved when the laser specific energy 
was low. This was attributed to the bulk of the TiB2 that was retained in the cladded 
coating [58]. 
 
Mutombo [59] analysed Ti-6Al-4V samples manufactured by the laser method via the 
Scanning Electron and Optical Microscopy that was incorporated with an X-ray micro-
analyser. A differential scanning calorimeter was used to observe the formation of the α, 
α’, α’’, α2,and the β phases. Evaluation was done on the tensile properties of the 
component and the interface of the contact angle between the titanium-based substrate 
and the single deposited layer. The analyses allowed the observation of partially melted 
and non-melted particles, the presence of chemical contamination on the surface, 
segregation of the size and the globularisation of the metal powder. 
It was observed that the titanium alloy substrate had minimal globules that were in proper 
contact with the base. The interfacial energy was relatively high between the liquid and 
the solid in comparison to the interfacial surrounding atmosphere-liquid and solid-gas 
energies. This can be attributed to the lack of wettability between the deposited Ti-6Al-
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4V molten pool and the titanium base, and the semi-immiscible particles. A relatively 
rough surface finish was obtained. The rapid cooling and the input of heat locally during 
the laser-additive manufacturing process resulted in metallurgical modifications, such as 
the formation of a complete martensitic structure, a mixture of columnar grains and a layer 
of bands. The mill-annealed displayed low tensile properties; but the polished and as-
manufactured components displayed a relatively high yield and an increased ultimate 
strength [59].  
 
Nabhani et al. [60] conducted a study in which the optimisation of the laser-cladding 
process parameters of Ti-6Al-4V powder deposited on Ti-6Al-4V substrate was 
investigated. The three process parameters of importance were: the laser-scanning 
speed [V], the laser power [P] and the powder-feeding rate [F]. An empirical-statistical 
relationship was developed into a single parameter (PαVβFγ) between the selected 
process parameters and the geometry of the single deposited layers – i.e. dilution, clad 
width, the wetting angle, the clad height, and the penetration depth – by applying linear 
regression analysis. 
The results revealed that the width of the deposited layer was directly proportional to the 
parameter, as PF-1/3, with no effect from the powder-feed rate. The laser power had no 
effect on the dilution, which was linearly dependent on the VF-1/2 parameter. The other 
factors were dominated by the laser power. The clad height was influenced by the laser 
scanning speed, as well as the laser power, with the powder feed rate having minimal 
effect; and this can be formulated as PV-1F1/4. Moreover, the penetration depth was 
dominated by the combined parameters as PVF-1/8. The formulated parameter, as P3/4V-
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1F-1/4, controlled the wetting angle. The actual values of the single cladded layers that 
were measured were feasible in the relationships formulated for the empirical-statistical 
method, confirmed by the correlation coefficient (R>0.9), and by residual analysis. 
The relationships formulated enabled a processing map to be drawn for the design of the 
direct laser deposition of Ti-6Al-4V powder on the Ti-6Al-4V substrate. It allowed for the 
geometrical characteristics of single cladded layers to be predicted in relation to the main 
process parameters [60]. 
 
Wang et al. [61] conducted a laser-melted deposition (LMD) study to investigate the 
evolution and the behaviours of grain morphology. This was attributed to the layer-by-
layer process deposited on components of titanium alloy, in which the growth 
mechanisms and the solidification nucleation of the local melt pool could be studied. The 
endogenous heterogenous and superficial nucleation were the two dominant solidification 
mechanisms in competition with one another in the local melt pool during the LMD 
additive-manufacturing process, for epitaxial growth formation from the pool-bottom of 
large columnar grains of the parent grains and powders that were partially melted that 
formed equiaxed grains. 
These determined the grain structures of the as-deposited components deposited layer-
by-layer; and they dominated the grain-morphology selection process. The titanium 
components that were laser-additive manufactured were under the control of constant 
power density and laser power. The parameter of critical processing was the mass 
deposition rate dominating the behaviour of the grain morphology selection that 
determined the underlying layer-penetration melting depth, the heterogeneous nucleation 
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sites present in that melt pool, and the grain epitaxial growth high-temperature gradient 
[61].  
Columnar grain structures were formed through the epitaxial grain growth at the pool-
bottom due to the heterogeneous surface being restrained by the low specific mass 
deposition rate that had led to the high temperature gradient, the high superheat of the 
melt pool, the superficial heterogeneous nucleation being efficiently eliminated and the 
underlying melting-penetration layer. When the thickness of the equiaxed grains did not 
exceed the penetration depth, large full columnar grain structures were formed. The close 
needle like equiaxed grains that formed were favoured over the growth of epitaxial grains, 
due to the high specific mass deposition rate that resulted in the prevailing of endogenous 
and superficial heterogeneous nucleation sites, a melt pool temperature that was low, 
and the powder being insufficiently melted. Adjustments to the specific mass deposition 
rate enabled the fabrication of the as-deposited equiaxed grain structures, the complete 
columnar grains, and a unique mixed reinforced steel-bar concrete-like grain structure 
containing thin interpillar equiaxed grains and coarse grain pillars [61]. During the layer-
by-layer additive manufacturing laser-melting deposition process, the mechanisms of the 
responding grain morphology were established [61]. 
 
Sterling et al. [62] conducted a study in which an investigation was carried out on the 
fatigue behaviour and the resulting mechanism of failure, of fabricated Ti-6Al-4V samples 
by Laser Engineered Net Shaping (LENS). This is a Direct Laser-Deposition Additive 
Manufacturing (AM) process technique. During the heat treated and the as-built 
conditions of the fabricated Ti-6Al-4V samples produced by LENS, multiple fully reversed 
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strain-controlled fatigue tests were conducted on the samples. The defects (e.g. porosity 
etc.), the classification of the failure mechanism and the initiation sites of cracks were 
examined and analysed on the fractured surfaces of fatigued specimens by employing 
Scanning Electron Microscopy (SEM). The fabricated specimens possessed a differential 
microstructure and mechanical properties, rather than the wrought fabrications that were 
manufactured traditionally, which were attributed to the rapid localised heating and 
cooling rates that occurred during the laser-fabrication process. The results showed that 
the fatigue life of the fabricated LENS specimens was relatively shorter than that of their 
wrought counterparts, with the main contributor to their short fatigue lives being the 
porosity present, except for the LENS fabricated specimens that were heat-treated. 
What may have also contributed to the short fatigue life of the LENS as-built and the 
annealed specimens was the lack of ductility. The data scatter used proved that the 
predictability of fatigue behaviour was difficult, which was promoted by the presence of 
pores. The fatigue behaviour of the LENS and the as-built parts was impacted by the 
presence, location, size, shape, and number of the pores. The process parameters used 
to design the deposited layer, displayed a prominent columnar microstructure and 
dominant epitaxial grain growth. It was concluded that the manufacturing process and the 
processing parameters should be optimised, in order to reduce and control the generation 
of pores during the fabrication process, since the presence of pores was the primary 
contributor to the impact on the fatigue behaviour of the fabricated specimens [62]. 
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Wolff et al. [63] investigated how the build direction and the geometry influence the 
anisotropic mechanical properties of the LENS fabricated Ti-6Al-4V. More focus was 
based on the tensile strength. The direct energy deposition (DED) process of fabricated 
Ti-6Al-4V parts provides a quick processing time and high strength, owing to its 
implementation in the bio-medical and aerospace industries. Inherent to the mechanical 
properties was the anisotropy characterisation. This stands as one of the challenges 
faced in the employment of the DED Laser-Engineered Net Shaping (LENS) technique. 
The thermal histories that occur during the process result in porosity, anisotropy in the 
microstructure and in the mechanical properties. 
Refinement and improvement of the mechanical properties, the process parameters, the 
thermal and material modelling, as well as the characterisation methods, was achieved 
by comprehending the concept of anisotropy in additive manufacturing. The results 
revealed that the tensile orientation was close to the middle of a complete compact 
component, lateral to the direction of scan and perpendicular to the direction of build. The 
microstructure was investigated through connectivity analysis, fractography, X-ray 
diffraction and porosity shape. There is still some development required in predicting the 
models of mechanical behaviour through the processing information. The mechanical 
properties that were predicted, based on the processing parameter details, enables the 
potential of desired mechanical properties to be achieved, for materials of efficient energy 
and high strength through thermal controls and the melt pool [63]. 
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Riedlbauer et al. [64] Investigated the Selective Electron Beam Melting (SEBM) of 
processed Ti-6Al-4V by applying experimental measurement and macroscopic simulation 
of the melt pool characteristics. FEM simulations and the experimental measurements 
were done to measure the various scanning speeds of the laser beam powers and the 
line energies needed to analyse the depth, width, and lifetime of the molten pools of the 
powdered material. FEM was used to simulate the melt pool width and the lifetime of the 
process. The results were compared with the experimental measurements. 
The temperature distribution in the SEBM process was simulated with a thermal finite 
element simulation tool that was developed by the researchers. The experimental 
measurements were conducted by building thin-walled structures, using an ARCAM AB 
A2 SEBM machine. All the processing parameter combinations investigated coincided 
well with the numerical and the experimental results achieved for the lifetime of the pools 
of molten metal. The relationship observed was that as the line energies were high, the 
lifetimes increased linearly, and remained constant for constant line energy at higher 
scanning speeds [64]. 
The wall built by the SEBM process had a defining thickness that was used to 
approximate the molten-pool width. There was a good correlation observed between the 
simulated molten pool width and the wall thickness, as the results revealed that they were 
nearly constant over the wall height. The increase in line energies reduces the influence 
on the molten pool width, as confirmed by the simulations results. Only for various process 
parameter combinations was the molten pool depth determined by simulations; with 
constant line energy resulting in nearly constant melt-pool depth. Higher line energies 
increased the molten pool depth. The temperature history within the material is 
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determined by the process that influences the mechanical properties of the part 
fabricated. The researchers are intent on using the simulation tool developed to conduct 
further investigations on this matter, by simulating the different scan paths of the SEBM 
process. It was stated that the less defective parts are to be produced when there are 
more homogeneous temperature distributions. Thus, different scanning paths are to be 
compared for spatial homogeneity. The various processing parameters used interact 
critically, to determine the dimensional accuracy and the quality of the parts fabricated by 
the process [64]. 
 
Yu et al. [65] investigated the microstructure and the mechanical properties of the 
fabricated laser-metal deposited (LMD) titanium alloy (Ti-6Al-4V) parts. Observation of 
the microstructure showed prior columnar beta (β) grains with the typical phase of acicular 
α’-martensite attributed to the rapid cooling of the molten pool of the parts fabricated. The 
LMD fabricated parts had a hardness value of 360+-10 HV, which was higher than the 
plates that were forged. The fabricated parts had ultimate and yield tensile strengths of 
1099+-2 MPa and 976+-24 MPa, respectively, which were more prominent than the 
wrought materials that were annealed and casted; but they had a lower elongation of 
4.9+-0.1. 
The resulting microstructure and the content of the inconsequential elements in the parts 
fabricated were studied, in order to obtain the results achieved. The content of the oxygen 
that was tested in the study was 0.13 wt.%, which could be reduced by employing an inert 
gas chamber. The accumulated heat that affected the oxygen levels also affected the 
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microstructural characteristics; it caused heat distortion and the spreading of the melt pool 
[65]. 
The Implementation of a control system and on-line monitoring of the operation of the 
LMD process was applied to remediate the accumulated heat effects; also, the real-time 
control of the laser intensity and the pool area was monitored. The total substrate depth 
dilution was reduced, and the effects of heat accumulated; as a result, the tracks and the 
layers of the microstructure were only slightly consistent [65]. 
 
Vajpai et al. [66] investigated the possible improvement of the performance of Ti-6Al-4V 
alloy components that are in service. To strengthen the alloy, a unique microstructural 
design was proposed, called “harmonic structure”, in which the microstructural design is 
heterogeneous, containing grain areas that were fine and coarse and topologically 
distributed. These changes improved the properties of the Ti-6Al-4V; and they were of 
interest because the alloy possesses a desirable combination of chemical and 
mechanical properties, that are utilised in the aerospace and biomedical industries. The 
material of these modifications is structurally advanced, owing to its wide range of 
applications. 
Mechanical milling was used to create the harmonic structure of the Ti-6Al-4V alloy by 
using the process of powder metallurgy, in which the (Ti-6Al-4V) pre-alloyed powder was 
severely plastically deformed and then consolidated by plasma sintering. Consequential 
to the mechanical milling process, the distribution of the grain size was bimodal, with the 
area close to the surface of the particles containing a “shell” region of nanocrystalline 
structures that was roughly deformed, with the region at the core being encompassed 
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with coarse-grained structures. When the milled powder was plasma-sintered, it formed 
a harmonic structure [66]. 
The Ti-6Al-4V harmonically structured design possessed strength and ductile properties 
that were significantly enhanced, exhibiting greater toughness and improvement than the 
traditional Ti-6Al-4V microstructure grains. The resulting harmonic structure design of the 
Ti-6Al-4V alloy improved the mechanical properties, allowing for stable local plastic 
deformation by the uniform distribution of strain during the initial deformation stages [66]. 
 
Chastand et al. [67] investigated the fatigue performance of titanium Ti-6Al-4V samples 
fabricated by Selective Laser Melting (SLM). Several fatigue tests were performed –  
inclusive of both High Cycle Fatigue (HCF) and Low Cycle Fatigue (LCF) tests – to 
conduct the fatigue-performance evaluation of the Ti-6Al-4V alloy. Three process 
parameters were considered in comparison with each other; the orientation of the build, 
post-machining, and Hot Isostatic Press (Heat Treatment). An analysis was conducted 
on the three processing parameters that effected the fatigue properties and the fractured 
parts.  
An analysis of the fractured surfaces was conducted, in order to identify the parameters 
of any defects that might be critical. The tests of the two-loading domain (HCF and LCF) 
displayed the effects of the heat treatment (HIP) and the surface roughness. The fatigue 
life was improved, and the size and number of defects were reduced by HIP. The heat-
treatment (HIP) process was attributed to the formation of a varied microstructure, and 
the improvement of the ductility. There was a high number of surface defects on the as-
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built parts, with a high surface roughness. This critically affects the fatigue performance 
[67]. 
The two different manufacturing directions dispersed lower than the one batch that was 
dispersed, thereby resulting in no great variation between the two manufactured 
directions. The fatigue properties of the regional parts that were not melted were 
considered to not have great anisotropy. The results of the LCF tests confirmed the 
ductility of the anisotropy, in which the microstructural texture of the anisotropy was used 
to explain the phenomenon. The fatigue lifetimes were evaluated; and an identification 
and classification of the least to the most critical types of defects were done [67]. 
The fatigue graphs were used to compare and classify all the different defects that were 
observed on the fractured surfaces. Other parameters of importance in the defects were 
identified, such as the size, positioning, and concentration. The areas of the surface that 
had a cluster of defects, or had the largest defects had a zone near the surface where 
most of the initiation fractured defects were located. There were various types of defects 
that can initiate fractures on the parts fabricated by SLM, which made it complicated in 
predicting the fatigue lifetimes. The properties of the fabricated specimens improved 
when they were heat-treated (HIP) and polished. Developments are still in process to 
accurately locate the positions and the size of the defects and remedying their presence. 
Moreover, the methods developed enable ease in predicting the fatigue life. The Titanium 
Ti-6Al-4V specimens fabricated by SLM and that are stress-relieved possess fatigue 
properties that are in correlation with the fatigue properties of casting, and in correlation 
with the wrought processing when heat-treated (HIP) [67]. 
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The fatigue life of the SLM fabricated parts was accurately predicted when the location 
and size of the defects were determined. The direction of additive fabrication also has an 
influence; and it is equally important to study [67]. 
 
Leicht and Wennberg [68] studied and compared the mechanical behaviour of two 
additive manufacturing process techniques: Selective Laser Melting (SLM) and Electron 
Beam Melting (EBM) of the Ti-6Al-4V fabricated powder, using Digital Image Correlation 
(DIC). Two different layers of orientation were done on the fabricated Ti-6Al-4V powder 
samples; the tensile direction was parallel (X) to the single set of built samples, and 
perpendicular (Z) to the other set of samples. Exactly half of the SLM samples fabricated 
were heat-treated. The strains that were localised were ascertained by subjecting the 
samples to tensile quasi-static loading tests, complemented with Digital Image 
Correlation. 
The mechanical properties, such as the yield strength, Young’s moduli, fracture 
elongation and ultimate tensile strength were determined for all the tensile tests 
conducted. The microhardness values were obtained by performing Vickers’ hardness 
tests on the metallurgically prepared surfaces. All the samples were observed under an 
Optical Microscope (OM) to perform a microstructural analysis. It was observed that all 
the samples, produced by the two additive manufacturing techniques, showed several 
layers of prior β grains that grew in the direction parallel to the build direction. This was 
caused by the layers being repeatedly melted. Because the prior β grains are aligned 
parallel to the build direction, all the manufactured samples had unequal mechanical 
properties along the different axes [68].  
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There was a potential connection to the regions containing the prior β grains by the local 
strains that were perpendicularly elongated in the direction of tensile for all the SLM and 
EBM samples built parallel to the tensile direction. This observation was achieved by 
conducting an analysis using DIC. The EBM and SLM samples built perpendicular to the 
direction of the tensile showed localised strains that elongated in the direction of tension. 
Moreover, DIC analysis showed that the strain concentrations were found at the regions 
where there were grains; and the anisotropic results in the mechanical behaviour were 
not caused by the layers built [68]. 
The SLM samples built perpendicular to the tensile direction showed homogeneous strain 
fields. It was reasonably assumed that critical failure may be initiated at the areas where 
there are high strains. It was stated that further studies of the results should be conducted, 
to determine whether there should be necessary precautions taken, regarding the 
manufactured components build direction [68].  
This study deduced that manufacturing with different processes results in the 
achievement of anisotropic mechanical properties. A higher hardness, ultimate tensile 
strength and yield strength were achieved for the SLM manufactured samples. It is the 
α’-phase and microstructure of the material that were responsible for the resulting 
mechanical properties [68]. 
The ultimate tensile strength and the yield strength of the SLM samples heat-treated were 
both reduced; but the microhardness remained constant. In so far as there are differences 
in the mechanical properties of the two processing techniques, the difference was 
minimal. The comparison was made between the resulting mechanical data and the data 
achieved using DIC. It was concluded that high-quality components may be produced, 
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when using both processing techniques; because very few defects were observed, 
thereby indicating that the processes were in good control. Neither one or the other of the 
EBM and SLM were chosen to be the best manufacturing technique; because the profits 
and the mechanical properties desired for the components were well balanced [68]. 
 
There are still current challenges being faced with additive-manufacturing technologies. 
One of the limitations is to improve the efficiency of the entire process; but this 
consequently increases the rate of the mass deposited; and it reduces the time needed 
for post-processing. According to Turichin et al. [69], optimising the distribution of the 
laser power beam, can be attributed to the molten pool shape and the size modified, 
which improves the rate of deposition. The requirements of the surface roughness 
promoted macroscopic waviness, which influences the post-processing cost and time. A 
possible solution to this problem was to use beam oscillation. The study conducted was 
on the fabrication of Ti-6Al-4V by the Laser Metal Deposition (LMD), with continuous 
beam oscillation. A simulation was carried out, in which the molten pool shape and the 
size thereof were analysed, based on the effects of the processing parameters. 
A functional method developed by Green, was used to analytically solve the problem of 
heat conduction. The moving heat source that would normally be distributed generated 
temperature fields, which were also investigated. The results showed that there was a 
rapid 53% reduction of the heat flux of the heat source that was distributed normally, when 
the amplitude of the oscillation was increased relative to the radius of the laser beam. The 
oscillation amplitude allowed was low; and it had minimal influence on the peak molten 
pool width value, when the beam radius was large [69]. 
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The wall surface was smooth, with no present macroscopic waviness, which was 
promoted by using beam oscillation; and this could be observed when a microscopic 
analysis was conducted [69]. 
 
Kistler et al. [70] studied the metallurgical and mechanical properties, as well as the 
quality of repair by employing direct energy deposition (DED). Square patches of Ti-6Al-
4V fabricated were affected by the DED process parameters. The processing conditions 
applied were replicated with real life repairing applications; and the cube Ti-6Al-4V 
patches were deposited by a conventional DED process on a substrate of the same 
composition. An analysis was conducted on the deposited patches, to determine the 
degree of sensitivity of the repair quality, such as the hardness and the porosity, in 
variation with each other. 
The variables, such as the time of interlayer deposition, the patterning hatched, the 
substrate thickness, the initial temperature of the substrate, and the number of deposited 
layers were investigated through a design of a series of experiments. Varying the 
processing parameters made it evident, as to which variables affected the mechanical 
and microstructural properties and the characteristics of the deposited Ti-6Al-4V samples 
independently and collectively. The main aim of the study was to identify and determine 
the pores/defects that significantly affect the metallurgical and the mechanical properties 
of the additively-manufactured parts that were direct-laser manufactured [70]. 
A relationship was observed between the thickness of the substrate and the thickness of 
the heat-affected zone: the inversely proportional relation showed that an increase in the 
substrate thickness reduces the thickness of the HAZ by approximately 400μm [70]. 
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Additionally, the thin substrates had less mass, which resulted in lower thermal gradients 
and higher bulk temperature increases, thereby creating a smaller HAZ region. The 
samples that consisted of a few layers had a low density overall; because the few 
numbers of porosity quantified were mostly compacted close to the surface of the 
substrate, in contrast with the samples that had more layering. In relation to pre-heated 
conditions applied; the substrate at room temperature, during the initial conditions, 
produced higher density. The analysis conducted in identifying and quantifying the 
porosity showed no indication that the factors considered and investigated had a 
predominant influence on the part porosity [70]. 
The parameters investigated did not have a significant impact on the hardness; but this 
was found to be dependent on the substrate thickness. Furthermore, the results revealed 
that the hardness of one deposited bead was 395 HV; and the deposited region had a 
lower hardness than this bead, but a higher hardness than the substrate - which had a 
hardness value of 320 HV. The width length of the deposited region had a constant 
hardness; and this was minimally higher at the top layer, close to the substrate. The initial 
temperature of the substrate was 0.03 (p-value); and this affected the hardness along the 
deposited region, where the relationship of the hardness to the initial temperature of the 
substrate was inversely proportional: increasing the substrate with an initial temperature 
decreased the hardness, as was showed from the statistical analysis conducted [70]. 
The hardness of the deposit was also affected by the time the subsequent layers were 
deposited, which had a p-value of 0.05. The factors that had significantly less statistical 
impact on the hardness was the number of deposited layers, the hatch pattern, and the 
thickness of the substrate, which had p-values of 0.16, 0.24, 0.78, respectively [70]. 
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Mulay et al. [71] studied the microstructure and the mechanical properties of additively-
manufactured titanium alloy Ti-6Al-4V, by the Direct Metal Laser Melting (DMLM) 
technique, compared to the properties of mill-annealed Ti-6Al-4V alloys processed 
conventionally. The resulting metallurgical and mechanical properties of Ti-6Al-4V 
produced by DMLM are usually significantly anisotropic. The resulting anisotropy of the 
microstructure was analysed, based on the direction of the build.  
The results obtained revealed that the samples additively-manufactured had a 
microstructure that consisted of mainly homogeneous needle-like distributed structures, 
which produced less anisotropy in the mechanical properties, with respect to the direction 
of build [71]. 
Other engineering materials, such as aluminium alloys and stainless steels that are 
directly metal laser-melted have rather contrasting resulting properties when compared 
with that of titanium alloy Ti-6Al-4V. The alloys that were mill-annealed, showed high 
anisotropic microstructure and mechanical properties; it was observed that the grain 
morphologies were anisotropic; and they had a dense texture; while the yield strength 
and the hardness showed high anisotropy, with respect to the test direction [71]. 
It was found that the testing direction had no significant influence on the resulting yield 
and the hardening response of the DMLM produced materials, with respect to the 
direction of build, whereas the properties of the mill-annealed materials produced 
depended on the test direction. The materials produced by DMLM had a much higher 
stress-saturated concentration than the mill-annealed samples, because of the higher 
rate of initial hardening; but the yield strengths initially obtained were in close correlation 
with one another (DMLM and mill-annealed); and they  could be compared [71].  
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The modelling results of polycrystal plasticity of the mill-annealed materials revealed that 
the dense texture and the grain morphologies confirmed the anisotropic behaviour of the 
microstructure and the mechanical properties. The anisotropic results of the yield strength 
and the rate of hardening obtained in both the IP and the TT mill-annealed samples were 
highly influenced by the strong texture than by the grain morphologies. This was 
confirmed by the modelling results [71]. 
 
Wu et al. [72] fabricated Ti-6Al-4V specimens, by using the Wire Arc AM (WAAM) 
process, coupled with Gas Tungsten gas (GT); An investigation was conducted that 
ascertained the relationships that had developed between the corrosion performance of 
the specimens immersed in 3.5% NaCl solution. The resulting effects of the directional 
microstructural evolution and the compositional phase in the Ti-6Al-4V specimens were 
also studied. The empirical tests conducted to ascertain the relationships included a 
corrosion test conducted electrochemically, diffraction patterns through XRD, 
microhardness testing and microstructural analysis, via Vickers’ hardness tester and 
optical microscopy, respectively. 
The Ti-6Al-4V wrought specimens produced were used as references, in terms of their 
corrosion performance to judge the significant improvement or the underperformance of 
the GT-WAAM specimens to their counterparts. The process was evaluated, based on 
two orientations with reference to the substrate; and it was found that during the additive-
manufacturing process, the resistance to thermal conductivity varied throughout the 
material subjected to the orientation. In the case of the direction of build, which was 
vertical with reference to the substrate; it was found that the rate of solidification was slow 
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in this directional plane, which promoted the formation of lamellae alpha grains that were 
large and hard [72]. 
The alpha grains were woven together by a Widmanstätten structure. In the scanning 
horizontal direction, the rate of solidification measured in that plane was found to be 
relatively fast; and this promoted the formation of primary alpha grains, which were soft 
and much smaller [72].  
The empirical results revealed that due to the anisotropy found in the additively-
manufactured specimens – in terms of the microstructural evolution, the sizes of the 
different grains, the structure of the phases formed and the orientation – they were more 
prone to corrosion in the scanning direction than in the build direction. It was observed 
that in both the scanning and build directions, the thickness of the passive film was low in 
comparison to its standard wrought counterparts. This was in attribution of the lamellae 
alpha and the needle-like primary alpha phases, which formed as non-symmetrical 
structures. Moreover, this was consequent to the low corrosion resistance and the high 
rates of corrosion exhibited in the as-fabricated specimens. There was great variation in 
the results of the corrosion tests conducted; and this was due to the resulting 
microstructural evolution, which comprised non-uniform structures; and this was also 
accountable for the anisotropic corrosion performance that was measured [72]. 
This study proved that there are still improvements that need to be done in the Wire Arc 
AM process for the application of Ti-6Al-4V parts in the fields of high corrosion. The life 
service of the material will be short in application; and the focus needs to be on addressing 
the anisotropy of the resulting microstructure [72]. 
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Zhang et al. [73] conducted a study to investigate how the absorption of light during the 
Selective Laser Melting (SLM) process, affected by the various defects and sizes of the 
reinforcement powder particles. The reinforcement power was layered onto the Ti-6Al-4V 
substrate and the laser was irradiated along the layer. The process was developed 
numerically in which models were designed. A closed-packing methodology was used to 
vary the way the packing was filled; this was established according to what Horsfield had 
devised. The mechanism used to simulate the absorption of light by the powdered layer 
was based on “ray tracing” - the interaction between the laser beam and the material. The 
“integrating sphere” was used to make the reinforcement powders - of varying particle 
sizes and defects – susceptible to measuring the absorbed light. The closed-packing 
methodology developed and used; the computations of the intensity of the light irradiated 
onto the layer and the absorption of light through the accumulator of light intensity were 
validated by the empirical results obtained for the prepared powders which absorbed light.  
It was numerically ascertained that the absorption of light by the layer of reinforcement 
powders and integrating sphere measurements was found to be 70%. A relationship was 
observed – as the defects in the layer reduced, more light was absorbed through the 
layer, but the degree of light absorbed had decreased once the number of defects had 
reached a certain number while decreasing. This phenomenon had occurred because 
more light was being reflected than absorbed. More light was being absorbed when the 
sizes of the reinforcement powder particles were reduced [73].  
Observations led to the conclusion that the behaviour of the absorption of light varies 
according to which position the light was irradiated on the closed-packing model. In 
instances when the light was irradiated between the interspaces of the spheres, there 
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was more light absorption due to the random dispersion of scattered light and when shone 
onto the spheres directly, there was more reflection of light which then reduced the degree 
of light absorbed [73]. 
 
Neikter et al. [74] Investigated, characterised and compared the different microstructures 
and hardness of specimens produced by five additive manufacturing techniques on the 
substrate of Ti-6Al-4V Titanium alloy. The five various techniques used was: Shape Metal 
Deposition (SMD), Laser Metal powder Deposition (LMpD), Laser Metal wire Deposition 
(LMwD) and the Selective Laser Melting (SLM) technique. The characterisation of a few 
metallurgical features was namely: the grain size of the prior beta (β), thickness of the 
alpha (α) lath, the size of the alpha colony and alpha grain boundary (GB—α).  
It was discovered that the SMD technique resulted in minimal variation in the size of that 
α lath on the Ti-6Al-4V substrate microstructure, and greater variation in the size of the α 
lath was produced by the LmwD-0 technique. The powder Bed Fusion (PBF) resulted in 
small grain size of prior beta in the manufactured samples. The SMD process produced 
the biggest prior beta grain size. The direct energy deposited on the Ti-6Al-4V materials 
promoted the formation of parallel bands; and PBF didn’t not promote any parallel bands. 
The highest material hardness was produced by the SMD and LMpD processes. It was 
discovered that depositing the layers with LMwD at two-minute intervals, produced a fine 
microstructure than to deposit the layers continuously. It was found that as the cooling 
rate of the additively-manufactured materials was decreased, the α phase that formed in 
the grain boundaries of the prior beta, increased. This was prominent in the materials that 
were built continuously using LMwD. There was no pronounced formation of any GB-α 
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produced by using the LMpD process. It was observed that a finer and intertwined 
fabricated material microstructure was achieved by employing the SLM process and a 
few prior beta grains that were promoted, in contrast with the EBM method. Many more 
alpha grains were formed with the LMwD--0 process, than with any of the other DED 
methods that employed a wire; followed by the LMwD—2 and SMD methods. The EMB 
process had more alpha grains that formed than SLM, and the two PBF methods used 
promoted more alpha grains than the LMpD process [74].  
The conclusion made was that as much as the build may be the same, there will still be 
great variations in the metallurgy and hardness of the materials additively-manufactured 
at constant process parameters [74]. 
 
Muhammad et al. [75] carried out an investigation where the creep behaviour of Ti-6Al-
4V alloy was additively-manufactured by Laser Powder Bed Fusion (LPBF), at 
atmospheric conditions. The process parameters such as the size and direction of the 
scan were varied. The testing technique used was depth-sensing indentation, which 
focused primarily on the mechanisms that were dislocated. The testing technique used 
was instrumented and is commercially known for being a well suited and trustworthy 
method to perform characterisations, non-destructively. Hence, it was used to ascertain 
the plastic deformation – at a rate dependant – and the mechanical properties at a smaller 
scale. This technique achieves this well at ambient conditions and at higher temperatures 
for metallic and alloy materials. A two-stage method (load and unload) was used to 
perform the indenting creep tests at 250mN, 350mN and 450mN varying loads at 400 
seconds load-holding time. The method devised by Oliver/Pharr was used in the study to 
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analyse the parameters used in the creep tests such as the exponent of the creep stress, 
the effect of the size of the indent and the rate at which the creep was conducted. The 
analysis was done at varying the AM scan size and direction.  
A metallurgical analysis was conducted where O.M and S.E.M were employed to 
quantitatively ascertain the correlation achieved of the property of the creep tests, the 
considered parameters and the microstructural evolution in the Ti-6Al-4V material [75].  
The results quantified revealed that the Ti-6Al-4V substrate at ambient conditions, were 
still subject to creep influence. The varying peak loads and holding time was dependant 
on by creep process parameters. The creep was primarily dominated by the motion of 
dislocation of the laser powder bed-fused titanium alloy material at ambient conditions. 
This was affirmed from the values obtained from the exponent of the creep stress. Direct 
comparison to conventional wrought Ti-6Al-4V was made. The stress and depth 
relationship were graphically represented and from it “geometric necessary dislocations” 
was discovered, which was a result of the effect the size of the indentation had on the 
alloy. The creep rate was found to be higher for samples that were scanned vertically and 
lower for samples scanned horizontally [75]. 
 
Buciumeanu et al. [76] conducted a study whereby an investigation and characterisation 
of the performance of tribo-corrosion of Titanium alloy Ti-6Al-4V, which was fabricated by 
various manufacturing and processing procedures. An Open Circuit Potential (OCP) was 
used to analyse the different alloy samples produced by employing the methods of Cast, 
Hot Press (HP) and Laser Engineer Net Shaping (LENS). The OCP analysis constituted 
of contact testing of reciprocated sliding alumina. It was quantified that the resulting tribo-
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corrosion performance of the titanium alloy specimens produced was dominated by the 
manufacturing/processing methods employed.  
The results obtained revealed that the wear characteristics and corrosion properties of 
the alloy specimens fabricated by Casting or Hot-Pressing, were poorer compared to the 
LENS Ti-6Al-4V samples produced. The LENS process caused local cooling rates that 
were ultimately high and resulted in the hardness being higher with minimal variation in 
the chemistry in the titanium alloy specimens produced. This did not only affect the 
hardness, but also the strengthening of the powder, which all together influenced the final 
corrosion properties of the part [76].  
The microstructural study conducted revealed that employing different manufacturing 
methods resulted in varied microstructures. The Hot-Pressing samples produced, had a 
lamellar structure that consisted of phases of α+β material, whereas a columnar structure 
was observed for samples produced by LENS that consisted of interlayers of 
Widmanstätten material [76].  
The one factor that was not dependent on the manufacturing/processing methods was 
the Coefficient of Friction (COF), which never varied for all Titanium alloy samples that 
was investigated. The corrosion property of the Ti-6Al-4V specimens produced by all 
methods varied when there was no application of mechanical load. The unreactive layer 
on the Casting and Hot-Pressed specimens were eradicated when application of a 
mechanical load was introduced, but that of Tanium alloy samples produced by LENS 
were only partially removed [76]. 
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Promoppatum et al. [77] studied the mechanical and thermal properties, as well as the 
material development of Titanium alloy Ti-6Al-4V components produced by the process 
of Direct Metal Laser Sintering (DMLS). Moreover, these properties were ascertained by 
the development of numerical modelling and experimental tests. The progressive 
development of the thermal property during the DMLS process was predicted by 
employing finite element modelling of the Ti-6Al-4V specimens. The DMLS process 
parameters that were measured was the thickness of the coating of 30 μm, the laser 
power at a maximum of 400 W, a scanning velocity at a maximum of 7 m/s and 100μm 
diameter laser beam.  
The modelling and experimental results were in good correlation with each other. Certain 
defects were generated from the manufacturing process such as un-melted regions in the 
products, insufficient fusion, and the balling effect. These defects were quantified by the 
results obtained from numerical modelling. The relationship and influence of the process 
parameters were ascertained by the process window established analytically, 
numerically, and physically. The formation of the melt pool and the resulting mechanical 
properties are characteristics of the specimens that were primarily dominated and defined 
by the density parameter of the energy deposited in the process; and the lowest laser 
scan speed was quantified when the time for the heat to transfer through the material was 
measured [77].  
It was deduced that to achieve complete melting, the density of energy deposited should 
at minimum be equivalent to the thickness of the powder coating. Moreover, a high 
amount of energy density needs to be supplied. Reducing the melt pools ratio of length-
to-width to less than π, prevents the balling effect. Spheroidisation was promoted in the 
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melt pool when there was excess laser power and scan speed. It’s more feasible to 
establish a processing window by primarily using Numerical analysis, with comprehension 
of the analytical and theoretical criteria. It was time efficient in constructing the guideline 
when this procedure was used, because only a few test samples was required. In addition, 
introducing new parameters will allow for easy construction of the guideline [77].  
Specimens produced with densities of energy deposition in regions of complete fusion 
and melting may result in the roughness of the surface and hardness being uniform. This 
was expected from the completely fused scanned path [77].  
Varying the scan speed and laser power may always promote the generation of columnar 
grains with the other traditional process parameters being at a conventional range. The 
columnar structures are compact and are small in width attributing to the dominance of 
the diameter of the laser and the space of the hatching on the grain size of the columnar 
structures. Given that the layers deposited are all scanned in one direction [77]. 
 
Pratap and Patra [78] conducted a study in which the performance of the wettability as 
well as the bio—tribological properties were focused on for improvement in Titanium alloy 
Ti-6Al-4V, by employing a surface modification technique (mechanical micro-texturing). 
The surfaces were micro-textured by three different tools including milling with a micro 
flat-end and ball-end, and micro drilling. These three micro surface modification methods 
were used to produce dimpled structures on the surface. Moreover, the circular 
indentations all had a diameter of 200 μm. The Coefficient of Friction (COF), roughness 
of the surface, the hardness, and the wettability of the surface were ascertained, 
attributed to the effects of the different geometrical micro-surface machining. The 
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prosthetic hip-joint was used to quantify the COF with regards to vitro-condition and the 
contact angle was regarded to quantify the surface wettability. The microtool selected and 
the resulting penetrating depth determined the dimensions of the dimple, which varied for 
each end-geometry. The surface of the Titanium alloy that was not textured (NTS) had a 
high affinity for water and the application of mechanical micro-surface texturing enhanced 
the phenomenon. The Surface conditions pre-textured, the surface and geometrical 
texture all combined are the roughness factor, which improved the wettability 
performance. The two textured surfaces that showed similar improvement in the 
performance of the wettability in comparison to the surfaces not textured (NTS) and Micro 
Flat-end Textured (MFETS) was the surfaces textured with the ball-end (MBETS) and 
micro-drilled (MDTS) [78].  
There are only two surface micro-machining methods that were considered to meet 
desired biomedical implant requirements, which were the ball-end and drilling micro-
textured surfaces. A wide region of contact was formed the width of the lubricated layer 
was squeezed, which increased the speed and loads of sliding. As a result, this increased 
the COF of all microtextured surfaces. The ball-end geometry proved to improve the 
hardness of the surface and the wettability; in addition, the dimpled textures were able to 
enclose the remains generated from wear [78].  
These properties achieved by MBETS resulted in the COF being the lowest compared to 
the MFETS, MDTS and NTS. The surface hardness and good lubrication achieved by 
MBETS allowed for a much smoother surface patterning where there was wear, 
compared to MFETS, NTS and MDTS. These micro mechanical surface machining 
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techniques are proved to be one of the most suitable and reliable methods for fabricating 
titanium alloys and biomaterials in similarity [78]. 
 
Book and Sangid [79] employed Digital Image Correlation (DIC) at high resolution to 
investigate the strain localisation in Ti-6Al-4V produced by Direct Metal Laser Sintering 
(DMLS), thermally refined and the resulting impact of the variations in the microstructure. 
The specimens were mill-annealed and stress relieved and experienced monotonic and 
cyclic loading. Before a material fails, it experiences strain locally. The DMLS process 
produced Widmanstätten microstructures in which the prior beta (β) structure was a 
critical phase in the strain localisation of the Titanium alloy microstructures produced by 
DMLS. The characterising method carried out experimentally also revealed that each 
prior beta phase boundary, enclosed its own microtextured area, and was comprised of 
the major grain-orientation axis and the texture that was separate from the other phase 
boundaries [79].  
It was observed that several local strains occurred compactly, thereby attributing to slips 
being activated, followed by slips being transmitted over the prior beta phases, because 
of the oriented regions microtextured. In addition, the time for cracks to initiate may be 
reduced when the slip transmission is prevented at every prior beta boundary by retarding 
the strain. There are no boundaries (grain and phase) within the alpha (α) lathes; and 
since it has no barriers, the strain developed in the line of the major axis of the alpha. It 
was observed that there was major axis angle alignment of approximately 45˚ with respect 
to the directional load of the slip systems that were oriented in the huge alpha lathe 
phases [79].  
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This resulted in strain being accumulated in the alpha lathes; and this defined it to be a 
shear strain highest in terms of the macro scale. Based on the contention of slip-system 
geometry over neighbouring grains, it was observed that the prior beta structures had an 
alignment of alpha lathes on either side, which facilitated the transmission of slips over 
the regions that were microtextured [79]. 
The results showed that there was a promotion of slip transmission across the micro-
textured areas; as the shear strain at the macroscopic scale was increased. The results 
obtained from high-resolution digital image correlation of the strain highly developed was 
confirmed by alpha-lathe mapping of Schmidt’s factor applied to prism slips. There was 
widespread strain that was accumulated in the alpha lathes on the basal slipping 
structures for specimens that were loaded cyclically. Due to the interacting and the 
compatible grains in the polycrystal structure, stress states occur in complex conditions 
in every grain; while the mapping used by Schmidt’s factor does not record this 
phenomenon, which in contrast was observed that the high factor map values had regions 
in which the strain accumulated was followed [79]. 
It was shown that when the size of the prior beta grains was reduced in the initial 
solidification process by elevating the rate of cooling and implementing a method of 
building, whereby the material that was already solidified would not be re-melted by 
reheating. In addition, in reducing the size of the prior beta grains means that the 
microtextured areas might also be reduced to oppose any slips possible amongst the 
microtextured areas. The results obtained and confirmed, showed that the method used 
was reliable in improving the performance of the Titanium alloy Ti-6Al-4V produced by 
the DMLS build process [79]. 
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Fatemi et al. [80] conducted a study in which the wrought and additively-manufactured 
Laser Powder Bed Fusion (LPBF) process were employed to fabricate Titanium Alloy Ti-
6Al-4V; and deformation brought about through torsion and the performance of fatigue 
was evaluated. The effects of the heat treatment applied, and the surface finish were also 
evaluated. The main purpose of the study was to contribute to the lack in knowledge of 
the mechanical performance of the shear stresses induced in conventional additively-
manufactured metallic materials and Ti-6Al-4V Powder Bed Fused materials. The 
deformation achieved through the induced shear stresses and the fatigue performance 
were evaluated and compared for both the wrought and the LPBF tubed materials that 
were both thin-walled and the torsion-loaded monotonically and periodically. 
The results and their analysis revealed that the wrought Ti-6Al-4V specimens had a lower 
monotonic yield and ultimate strength, but higher ductility (shear), than the as-built, the 
heat treated as-built and machined specimens that were additively-manufactured. These 
results were confirmed with the current state of knowledge on axially loaded AM 
specimens. The additively-manufactured annealed specimens that were as-built and 
machined-measured were found to have a shear modulus that was in close correlation to 
the value measured for the wrought materials. The slight difference was caused by heat 
treatment that caused an increase in the shear modulus. The additively-manufactured as-
built specimens had a lower shear stress ductility than the additively-manufactured 
specimens that were machined; and this was because the specimens were susceptible 
to untimely failure, because of the defective layers that was being removed. There was 
similarity found in the periodic softening rate of the heat-treated additively-manufactured 
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machined specimens and the wrought materials, based on the results obtained from tests 
of shear strain, regardless of the slight discrepancy in the shear ductility [80]. 
Observations showed that the additively-manufactured specimens did not soften, as 
much as did the wrought specimens; because the AM materials had a shorter lifespan, 
which hindered the continuous process of periodic softening. When considering the 
amplitude of the shear strain, it was discovered that the wrought specimens had a longer 
lifespan than the AM materials with regard to the torsional deformation and the fatigue 
behaviour. However, the wrought specimens had a shorter life in Low Cycling Fatigue 
(LCF) than the additively-manufactured specimens, based on the amplitude of shear 
strain. This was attributed to the wrought specimens having progressive periodic 
softening [80]. 
The analysis conducted on the effects of the heat treatment showed that there was an 
extension in the torsion and fatigue life of the additively-manufactured materials. It was 
stated that this might have been due to the local pores having improved in their ductility 
and the mitigation of the destructive axial residual stresses that were induced during the 
building process by AM. The heat-treated additively-manufactured specimens that were 
machined had an extended torsion and fatigue lifespan in comparison with the materials 
that were AM heat treated while they were as-built. The machining of the heat-treated 
additively-manufactured specimens removed any concentration of stresses that were 
induced by any defects on the surface. This was the primary reason for why this condition 
was so effective. The mechanism of the failure and the fracture plane for the wrought and 
additively-manufactured specimens of all conditions were different. On the highest 
tangential plane of the wrought specimens, it was observed that the failure was ductile, 
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whereas it was a torsional brittle failure on the highest axial AM plane. The fatigue crack 
growth initiated either in the partially fused / porous constituents, or on the surface of the 
as-built additively-manufactured specimens, whereas with the machined additively-
manufactured specimens, only the pores were responsible for initiating the fatigue crack 
growth [80]. 
 
It is ideal to additively-manufacture component parts without, or with less post-processing, 
which may still be robust and provide great performance, but for Titanium Alloy Ti-6Al-4V 
components build by the Selective Laser Melting (SLM), the formation of needle-like 
primary alpha α’ martensitic structures in prior columnar beta (β) grains resulted in the 
final product possessing poor toughness and ductility; so, post-processing is required. Xu 
et al. [81] conducted a study to rectify this additive manufacturing challenge by 
investigating newly designed SLM process methods and through in situ tailoring of the 
microstructure, the undesirable primary alpha martensite formed was converted into 
microstructures that comprised the combination of alpha and beta lamella phases. 
This decomposition method by in situ tailoring is primarily to improve the mechanical 
performance of Ti-6Al-4V materials produced by SLM. This was achieved by the resulting  
microstructure of the lamellar composition. The mechanical properties obtained were 
found to be better than most additively-manufactured Ti-6Al-4V fabricated parts. The in 
situ decomposition of the microstructure was achieved through adequately balancing the 
range of SLM processing parameters. The characteristic length was found to be varied 
scales of 0.15-0.8 μm. The martensitic decomposition into thin platelets of alpha and beta 
microstructures was heavily promoted by the thickness of the build layer and the layering 
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time, produced by the combination of process parameters. The few factors that promoted 
and influenced the primary alpha decomposition were the thickness of the build (the larger 
the better), the substrate that had large dimensions; while the layering time was short and 
needed minimal substrate and support-guide contact [81]. 
The temperature during the transformation is dependent on the characterised features of 
the resulting lamellae microstructure of alpha and beta composition. Moreover, the 
process of diffusion dominates the in situ primary alpha decomposition. It was quantified 
that the structure of the beta in the lamellae microstructure composition had a parameter 
ranging between 3.18-3.21 ?̇?. This made it possible to ascertain whether the unfavoured 
primary alpha martensite microstructure decomposed significantly during the SLM 
building that was done via the in situ method [81]. 
The Vanadium content found in the beta phase ranged between 5-25 wt.% V at a 
transformation temperature of 600-850 ˚C. And this was when most of the beta phase 
formed. This Vanadium content found serves as an indication that significant in situ 
martensitic decomposition had occurred. Equiaxial grains of prior beta grains, rather than 
columnar grains, were predominant when the temperature was elevated from the 
operational 200 ˚C to the range of 600-850 ˚C. This led to the temperature gradient in the 
molten pool being decreased. It was deduced that from the resulting lamellae alpha and 
beta microstructure, the fabricated Ti-6Al-4V materials had significantly improved the 
ductility and the toughness [81]. 
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Bonaiti et al. [82] Investigated the machinability of micro-milled Titanium alloy Ti-6Al-4V 
additively-manufactured by Laser Engineering Net Shaping (LENS) taking into 
consideration the forces used in cutting, the quality of the surface and the burrs formed. 
The performance of the milling process is influenced by the resulting mechanical 
performance and the formation of defects. This is governed by the thermal history of the 
material in the process, so the effects of the processing parameters were investigated as 
well. 
Metallurgical tests were carried out to characterise the material; the microstructure was 
analysed; the microhardness was quantified, and the production of any defects was 
evaluated. The results revealed that with increased processing power of the laser, the 
hardness of the additively manufactured parts improved – due to the fine martensitic 
microstructure that formed. Moreover, the integrity of the produced materials also 
improved because the increased processing power reduced the formation of defects. The 
analysis conducted of the roughness of the surface showed that it increases in relation to 
the parameters used for cutting, i.e. the feed rate, cutting depth etc. However, the surface 
roughness decreased with the increasing hardness of the additively-manufactured parts. 
The parent material of Ti-6Al-4V has a low hardness; and so, when it was machined, it 
produced significantly rougher surfaces than those of the fabricated parts. Moreover, 
since the AM parts had a higher hardness, the forces required for cutting were low 
compared to the forces required to cut the parent Ti-6Al-4V parts. The cutting parameters, 
such as the cutting depth and feed are directly proportional to the forces required; as the 
parameters increased the forces also increased [82]. 
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This study showed that the machinability of materials should be considered to optimize 
the material properties by the process of deposition. It was observed that the machined 
parent Ti-6Al-4V materials produced minimal or rather no formation of burrs; whereas 
with the additively-manufactured Ti-6Al-4V parts machined, burrs formed on the side 
where it was milled. This was the result of using laser-processing power [82].  
 
Zhai et al. [28] Investigated the properties of fatigue growth in Titanium alloy Ti-6Al-4V 
additively-manufactured by the Laser Engineering Net Shaping (LENS) process. The 
process parameters applied were varied; and the effects were accounted for. The 
directions in which cracks initiated and propagated were analysed. After the LENS build 
process, the Titanium alloy materials were heat treated; and the effects were investigated. 
Stress ratios of 0.1 and 0.8 were established in conducting the tests for fatigue growth 
that prevailed in the fabricated Titanium alloy materials. 
The macro- and the micro-initiated fatigue crack mechanisms were tested and quantified. 
The LENS analysis was compared with the traditional mill-annealed wrought Titanium 
alloy materials. This study investigated and confirmed the governing principles of 
fabrication and repair applications of components by the LENS build process [28].  
The results revealed that the toughness for a fracture to occur in the LENS build Ti-6Al-
4V materials was higher than that in traditionally mill-annealed materials; but this 
produced a low threshold. It was found that the microstructure of the materials mill-
annealed had a beta matrix composition of alpha phase; and the LENS fabricated 
materials had a microstructure  of lamellae structures [28]. 
Page | 85  
The growth initiation of fatigue cracks promoted in the fabricated LENS materials was 
established by the by alpha phase form and structure. The undesirable morphology of the 
martensitic primary alpha formed when a lower power was used during the fabrication 
process. The martensitic primary alpha morphology was needle-like. When a higher 
fabrication power was used, coarse alpha structures formed. This was attributed to the 
initiation of high fatigue growth, but low rates of fatigue growth of Region-Two. The heat 
treatment after the LENS-build process eliminated the martensitic primary alpha 
microstructures formed, which resulted in the overall improvement of the ductility of the 
fabricated materials [28]. 
The structure and size of the alpha grains were not modified, because the process 
temperature and the time applied were insufficient. Thus, the application of the minimum 
and maximum process fabrication power promoted the fatigue behaviour of no difference 
in the thresholds of the crack growths in the LENS build Ti-6Al-4V materials. Observations 
showed that when the initiation of fatigue cracks propagated collinearly to the grains of 
the columnar structure, and vertical to the bands of layer, the grain and layer boundaries 
induced some interference [28]. 
It was observed that the boundaries of the beta grains accelerated and impeded the rates 
of fatigue growth in the tests done on the small microstructural propagation of fatigue 
cracks. The results indicated that refinement of columnar grains enhances the 
microstructural retardation of fatigue growth. The values measured for threshold 
microstructural crack growth were considerably low than the small threshold crack values 
produced macroscopically. This serves as important fundamental fatigue growth 
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information that should be considered when designing materials; and the scale used 
should be based on the data for the microstructural cracks of fatigue growth [28]. 
 
Sandgren et al. [83] conducted a study in which the performance of fatigue crack growth 
(FCG) was investigated in situ in Laser Engineered Net Shaping (LENS) additively-
manufactured Titanium alloy Ti-6Al-4V. This build process of using the Direct Energy 
Deposition (DED) technique to fabricate the Titanium alloy materials was to contribute to 
the limited knowledge on the behaviour of fatigue crack growth in situ. This limitation in  
knowledge impedes the prevailing application of the additively-manufactured Ti-6Al-4V 
materials in structural components. The behavioural growth of 20 μm initiated fatigue 
cracks in the fabricated Ti-6Al-4V materials were observed and analysed in situ, based 
on the tomographic studies conducted via synchrotron X-ray analysis. Microtomographic 
studies facilitated the presenting of the propagation of fatigue cracks in two- and three-
dimensional structures, which made the initial crack propagation easier to observe. 
Scanning Electron Microscopy was conducted; and it was observed that the 
microstructure formed was martensitic; and the data showed the crack growth throughout 
the microstructure of the additively-manufactured Ti-6Al-4V materials. 
It was vital to perform characterisation and to observe the fatigue crack propagations in 
a reconstructed three-dimensional orientation; because it was revealed that the local 
initial cracks propagated varying axially with the major cracks propagated in-plane, while 
some of them deviated from the plane. There was no similarity in crack growth when they 
propagated in various directions throughout the martensitic microstructure. The growth of 
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cracks that deviated from the plane was governed by the location, which was observed 
from the data obtained from the varying rate of the local growth of cracks [83]. 
It was found that to ascertain the accurate rates of crack growth propagation, it should be 
done in three-dimensional representations that include the x-ray tomographic results, as 
well as the measurement of the initiated fractures. In addition, this established the 
initiation of cracks grown in situ during the earliest stages. Moreover, only conducting 
SEM analysis of the fractured microstructure was sufficiently inaccurate, when 
ascertaining the rates of crack growth. The results obtained from the traditional fatigue 
crack growth tests, such as the drop in direct current potential to determine the 
macroscopic and microscopic crack growths was used as a standard to compare the 
results and the analysis obtained from tomography and fractography. The methodology 
used facilitated the enhancing of the comprehension of fatigue-crack growth in Ti-6Al-4V 
additively-manufactured LENS build process, by reconstructing the generated data into 
dimensional orientations that enabled the analysis to be more realistic. The investigation 
proved to be a reliable method of studying and evaluating the performance of initial crack 
propagations, in terms of the influence of the direction of growth, as well as the effect that 
cracks have on the boundaries comprising the columnar grain structures [83]. 
 
Heigel et al. [84] developed and implemented the convection measured on the surface of 
an additively-manufactured Direct Energy Deposition (DED) Titanium alloy Ti-6Al-4V, into 
a thermo-mechanical model. The heat transfer on the surface was caused by the gases 
released during the additive manufacturing build process. The literature states that 
residual stress, as well as plastic deformation, is caused by the thermal gradients that are 
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induced, which is attributed to the additive-layering method of material into the molten 
pool created by the DED technique. 
A method conventionally used to investigate this is the Finite-Element Analysis (FEA), in 
which the basic heat transfer convection assumptions of the surface are provided. This 
method of study requires thorough information about the surface heat transfer to have 
been acquired to obtain the relevant simulation results. The convectional heat transfer 
surface was modelled thermo-mechanically; and this was validated by designing three 
thin-walled deposits of varying geometries and interlayering time. The post-build residual 
processing stress was measured, as well as the thermal gradients and the deflections 
[84]. 
Based on the results obtained, an additional model of free-heat transfer surface 
convection had to be developed and implemented with assumptions for all surfaces. The 
model based on the measurements was required for the reliability and the accuracy of 
the FEM results. The comparative study of the in situ measurements of measurement-
based models showed that for all the geometries deposited, the more reliable results were 
obtained from the simulation of the forced heat-transfer surface, than from the free 
convection; since the percentage error was found to be 11% and 44%, respectively [84]. 
However, the simulation results obtained from measurement-based forced surface heat 
transfer may be more accurate and reliable, provided the deposited structures fabricated 
had defined dimensions and was simulated by using a CFD tool. For all three designed 
geometries, it was observed that the stress induced was accurately measured by using 
the measurement-based heat-transfer model when the measurement results of the 
residual stress and the in situ deviations were obtained. The design and the 
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implementation of an additional free convection model was required, due to the inaccurate 
results produced by the modelling of the forced heat-transfer surface; the thermal 
gradients were reliable; but the in situ deflection results were more dominant for only a 
single geometrical design [84]. 
 
Carroll et al. [85] investigated the anisotropy present in the mechanical performance of 
Titanium alloy Ti-6Al-4V that was fabricated by the additive manufacturing laser Direct 
Energy Deposition (DED) build process. The part was fabricated into a cross shape and 
the mechanical behaviour was influenced by the oxygen, location, and the direction of the 
additive-building process. The anisotropy in tensile performance of the fabricated material 
was ascertained axially, pertaining to the cross-shaped direction of the material build. The 
tensile performance results of the DED additively-manufactured components obtained 
were proportional to those of their counterpart-wrought components. 
This was achieved without post-processing applications, such as annealing etc. The 
ultimate axial strength was measured; and it was found to be approximately at an average 
of 1060Mpa in the two build directions of the cross-shaped fabricated part. The results 
were confirmed with the current state of knowledge on additively-manufactured Ti-6Al-4V 
alloy [85]. 
The elongation measured for the two directions of the fabricated part were found to be 
high; while the longitude of the part elongated by 11%, and the traverse dimension was 
elongated by 14%. The ductility of both build directions was found to have improved 
significantly, when compared with the values achieved in the previous investigations 
conducted on additively-manufactured Ti-6Al-4V. The improvement in the ductility of the 
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material in both directions was due to the complete melting of the material in the process, 
leading to no defects being formed in the final build component [85]. 
As the material was deposited onto the substrate, prior beta grains formed along the 
direction of build. The columnar structure of the prior beta grains was attributed to the 
anisotropy in the elongation properties measured, since the longitudinal ductility was 
found to be lower than in the traversed direction. A microstructural phase boundary of 
alpha grains formed from the prior beta grain structures, which allowed the fabricated 
component to be susceptible to fracture along this grain boundary path when the axial 
loads were applied along the longitudinal direction, leading to the poor ductility properties 
obtained along this direction, compared to the elongation properties in the traversed 
direction [85].  
The ultimate and yield tensile strengths increased; and the elongation properties 
decreased minimally when excess oxygen of 0.0125 wt.% was used. The effect of 
oxygen, together with the decreased width of the alpha lattice in the part at varying heights 
due to the changing cooling rates resulted in the anisotropy in the measured properties. 
In addition, the excess oxygen introduced in the process did not contribute to the brittle 
fracture when tension was applied uniaxially. The varying thermal properties, with respect 
to the build height, the excess oxygen, and the location of build made minimal contribution 
to the results obtained for the ultimate and yield-tensile strengths [85]. 
It was observed that at the opposite side of the base of the component, thick-width alpha 
lathes formed, and the base had a fine microstructure that formed; as it was the side that 
was drenched; this resulted in the varying thermal profiling. Hence, the base of the 
component had much higher strength than that compared to the opposite end of the 
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cross-shaped component due to the variance in thermal properties. It was concluded that 
post-processing treatments were not needed to obtain satisfactory mechanical 
performance in additively-manufactured Titanium Ti-6Al-4V alloy, when the tensile 
strength performance was proportional to that of the wrought materials [85]. 
 
Carou et al. [86] investigated the reliability and the sustainability of fabricated Ti-6Al-4V 
alloy bars finish-turned for the maintenance and repair operations of aeronautical 
applications. The turning process parameters, such as the tool type, the speed of the 
spindle, the rate at which the material is fed, and the operational surroundings were 
analysed. Their magnitudes depended on their influence on the final quality of the surface 
finish, as well as the roundness. The desired surface quality, the geometrical dimensional 
tolerances and the final structure of the specimens was thought to be achieved by 
analysing the machining parameters used during the operations, in order to optimise the 
machining conditions. 
The rehabilitation of the components integrated with the repaired parts was considered 
to be based on the ability of the components to function in their normal state. The wear 
rate of the turning tool and the consumption of process power were the two important 
factors to reduce; and this was considered by reducing the forces induced during the 
cutting operations. The study conducted was experimental, in which 36 experimental 
machining tests were conducted, based on a design that was fully factorial. It was found 
that the desired surface quality was achieved when a low operational feed rate was 
applied, at a low spindle rate, resulting in low rough surfaces and machining forces. 
Moreover, it was discovered that the spindle speed had minimal effects on the results 
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obtained; but combining high spindle speeds with low feed rates improved the machining 
process by reducing the production time of extreme altering of the machining forces and 
roughness of the surface. The analysis of variance (ANOVA) showed that the operational 
conditions had no influence on the roundness. The results showed that the cutting length 
had less of an influence than the feed rates; thus, to meet the aeronautical surface 
roughness standard(s) without exceeding the maximum standard, it was critical to apply 
low feed rates to reduce the roughness [86]. 
 
The phenomenon of depleting the rate of process power was achieved by induction of 
low machining forces was attributed to the application of low feed rates. It was ascertained 
that the machining forces were affected by the tool geometry and the condition of the 
operational environment, due to their combined influence on the feed rates. Moreover, 
the production cost was reduced; and the process was environmentally friendly when dry 
operational machining was used for the experimental analysis. It was found that the 
environmental system of cold compressed air (CCA) produced machining forces that 
were much lower at the lowest feed rate than with dry machine conditions. It was 
concluded that under optimal machining operation conditions, the turning process is a 
reliable machining operation for the repair and maintenance of aeronautical components 
in respective applications [86].  
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Keist and Palmer [87] investigated the variations in the mechanical properties and the 
microstructure of the Titanium alloy Ti-6Al-4V additively-manufactured into wall structures 
by laser Direct Energy Deposition (DED) process. The fabricated structures were 
analysed, based on the role that the final geometrical features had on the properties, 
taking into consideration the influence of the location and the positioning as well. During 
the additively-manufactured process, the process parameters and the paths of deposition 
were kept constant. 
The positioning, the location and the geometrical features were found to have impacted 
the resulting mechanical properties and the microstructural properties, despite the 
process parameters being maintained. It was statistically shown that the mechanical 
properties achieved, and the positioning had statistical relations with each other, in terms 
of the direction of build. This was observed from analysis statistically conducted in-depth. 
The results revealed that there was a relative consistency in the gross tensile and the 
yield strengths, with the ductility being 1049 ± 37 MPa, 936 ± 43 MPa and 18 ± 4%, 
respectively [87]. 
Analysis of the tensile specimens revealed that the tensile strengths were significantly 
greater in the longitudinal direction, where the dimension with the greater length is parallel 
to the parent material, than when in the opposite direction, where the greater length 
dimension is at right-angles to the parent material. Tensile analysis revealed that the 
tensile strengths are significantly greater for the tensile specimens of the thick wall 
structures of multiple pass, than those from the thin individual pass-wall structures. 
Observations showed that the increasing height from the parent material in the structures 
of the wall reduced the mechanical properties linearly, with respect to their location. In 
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addition, the structure of the thin wall individual pass played an important role in the 
resulting mechanical properties, where greater mechanical properties were obtained from 
the thin walled structures that were L-shaped, than from the walled structures that were 
cross-shaped. However, statistically, there was a similarity in the mechanical properties 
of the thick L-shaped and the cross-shaped wall structures [87]. 
The variation in the present prior beta (β) shape and the size of the grains facilitated in 
the strengthening of the boundary. This was attributed to the impact that the positioning 
and the various wall structures had on the mechanical performance. Analysis showed 
that high previous beta grain boundaries present in different orients and the wall 
structures exhibited greater mechanical properties. In addition to what was previously 
stated, it was observed that the height from the parent material increased; while the 
ductility increased proportionally for the tensile specimens from the dense wall structures 
that were oriented longitudinally [87]. 
There were variations in the strengthening of the solid solution, with respect to the height 
above the parent material; and this was stated to possibly be the rationale for the 
mechanical behaviour variations dependent on the height. In addition, the phenomenon 
links to the variations, which were found microstructurally [87]. 
 
Wilson-Heid et al. [88] studied the anisotropic relationship quantitatively in the resulting 
grain forms and structures relating to the ductility of Titanium alloy Ti-6Al-4V additively-
manufactured by two Laser Powder Bed Fusion (LPBF) techniques. The two additively-
manufactured LPBF methods were investigated and a comparison was drawn between 
the Continuous-Wave Laser Powder Bed Fusion (CWLPBF) system and the Pulsed Laser 
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Powder Bed Fusion (PLPBF) system. In addition, a quantitative relationship was 
generalised between the current knowledge existing in the literature and the data 
obtained from the study conducted on the fabricated Ti-6Al-4V, with respect to the 
anisotropic microstructure and the ductility thereof. 
Consequently, the relationship between the anisotropic elongation and the anisotropic 
microstructure was revealed to be exponential for the additively-manufactured Ti-6Al-4V 
specimens. Several specimens had varying surface roughness values, when measured; 
and a method was formulated for comparing the resulting mechanical strengths. The 
previous beta grain height-to-width (aspect ratio) was found to be 6.0; and this resulted 
in considerable anisotropy in the ductility of the additively-manufactured Ti-6Al-4V 
specimens that had no porosity and were dense. These porous-free samples had a much 
lower ductility in the longitudinal orientation than in the traversed orientation. The 
quantitative exponential relationship deduced of the anisotropic microstructure to the 
anisotropic ductility enabled the researcher to foresee the tendency of the strain to fail, 
based on the available information, which was solely on the previous beta grain form and 
structure in AM Ti-6Al-4V [88]. 
It was found that the resulting microstructure of the additively-manufactured Ti-6Al-4V 
samples was altered by the different combinations of processing parameters, which 
resulted in variations in the mechanical properties. The study showed that the grains were 
dominated by the thermal gradient (G) and the solidification-growth rate (R) relationship. 
Therefore, when the G/R ratio was high, it promoted previous beta grains in the PLPBF 
specimens at a high grain height-to-width ratio, which resulted in anisotropy in the 
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ductility; whereas a low G/R ratio resulted in the CWLPBF specimens manifesting a 
ductility that was isotropic and grains that were almost needle-like [88]. 
The resulting grains in the PLPBF specimens were columnar and elongated, compared 
to the fine grains in the CWLPBF specimens; and this resulted in lower ductility, and lower 
tensile and yield strengths in the PLPBF specimens. Fracture analysis revealed that 
tension paths had accumulated, with damage in the longitudinal orientation, which was 
dominated by the elongated columnar grains, attributed to the direction of build having a 
much greater ductility in contrast to that in the longitudinal orientation [88]. 
 
Neikter et al. [89] Investigated the variations in the alpha (α) texture, employing neutron 
diffraction (TOF – time of flight) in additively-manufactured Ti-6Al-4V specimens; this was 
fabricated by three various AM techniques that included Selective Laser Melting (SLM), 
Laser Metal Wire Deposition (LMwD) and Electron Beam Melting (EBM). The possible 
texture variants were observed in the materials produced by LMwD, when the 
measurements were made separately, above and below the specimens, in order to 
observe the potential variants in regions that were in proximity and further from the 
supporting parent material for the additively-manufactured process. 
The grain morphology was characterised by employing Electron Backscattered Diffraction 
(EBSD) on the fabricated specimens that were lateral and at right angles to the direction 
of build. The mechanical performance of the additively-manufactured materials was 
influenced by textures; and so, it was important to understand the significance of texture 
in this context. The investigation showed that there were variations in texture for all three 
different additively-manufactured processes. Therefore, the texture was found to be 
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weakest in materials that were produced by SLM and EBM processes, whereas the 
LMwD produced a much stronger texture [89]. 
The results showed that the resulting SLM and EBM textures were of similar magnitude. 
The results obtained were validated by the current state of knowledge on studies 
conducted metallurgically. The separate relative measurements done on the LMwD 
materials showed that the strongest texture was found at the bottom of the materials that 
were in proximity to the supporting substrate than for those measured at the further end. 
The LMwD-B process had a family plane of (0002) lattice at a prominent level of texture 
(MRD – Multiples of Random Distribution) of alpha phase in the additively-manufactured 
process [89]. 
It was discovered that the LMwD process produced materials that were not homogeneous 
in texture when observations and comparisons were conducted on the LMwD-B and 
LmwD-T materials. The crystallographic orientations were found to be predominant and 
aligned at the bottom of the fabricated material that was in proximity to the supporting 
substrate than with the part above. At the crystallographic direction of [1 1 2 3], it was 
found that the texture was the strongest here in the alpha phase [89]. 
 
Åkerfeldt et al. [90] investigated the mechanical performance of Laser Metal wire-
Deposited (LMwD) Titanium Alloy Ti-6Al-4V, and the influence of the resulting 
microstructure. The way the materials were oriented in relation with the direction of build, 
dominated the mechanical behaviour of the specimens with regard to the ultimate yield-
tensile strength, as well as the ductility. The positions that were considered for evaluation 
in the fabricated materials with respect to the direction of build were lateral and 
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perpendicular. Evaluation of the mechanical performance at standard temperature 
conditions showed that the yield strength had improved by approximately two to five per 
cent; and the ultimate tensile strength improved by four per cent for those materials that 
were positioned laterally with respect to the direction of build. These were found to be 
better improved than the materials oriented at right angles to the direction of build.  
The evaluation of the ductility showed that the materials oriented perpendicularly to the 
direction of build had elongated by 25-33% more than the materials, which were lateral 
to the direction of build. The resulting composition of the microstructure influenced the 
anisotropy achieved in the mechanical performance of the fabricated materials. 
Therefore, the thickness of the boundary formed by the α grains did not affect the level of 
anisotropy measured. Observations showed that the grains of prior β formed in the 
resulting microstructure were columnar and grew in the direction of the source of heat 
from the LMwD process. The evaluation conducted showed that the ultimate and yield 
tensile strengths had improved and had thereby reduced the ductile properties, due to the 
formation of small prior β grains and α grain sizes attributed to the rapid cooling rate 
achieved during the process, prompting the microstructural constituents [90]. 
 
Zhang et al. [91] conducted a study in which a two-dimensional (multi-scale) model was 
developed; and a simulation was conducted to predict the thermal history and the grain 
morphology evolution of the solidification process in Direct Metal-Deposited (DMD) 
Titanium alloy Ti-6Al-4V within the regions of the substrate and the fusion area by 
implementing the method of Cellular Automation Finite Element (CAFE). 
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A thermocouple test was conducted to validate the results obtained from the macroscopic 
finite element simulations of the individual and multi-layered build during the deposition 
process of the Titanium alloy. Moreover, the rate of cooling, as well as the field of transient 
temperature were simulated and validated by the experimental test. The field of transient 
temperature simulated by the finite element method produced temperature results at a 
scale of 200 μm; and the various thermal history scales were taken into relation with the 
simulated grain morphology evolution of the cellular automation model via an interpolating 
algorithm [91]. 
The model developed was based on the CAFE method, which enabled modelling of the 
resultant microstructural features after solidification, including non-homogeneous sites of  
nucleation, the transformation of columnar grains to epitaxial grains, the rate and the 
orientation in which the grains grew, the complete fusion of the partially melted material, 
extra metal being added, and the grain structures grown competitively. The cellular model 
was able to reveal the relation between the growth of grains and the rate of slow cooling, 
as well as the trapping of cells that were in proximity to each other [91]. 
During the building process the metal solidified; and the developed model enabled the 
predictability of microstructural development and the size of the grain growth. It was found 
that the best growth method to measure the transient temperature field was from the 
developed “decentred polygon” algorithm as it produced simulation results that correlated 
with the results of the thermocouple experimental test conducted. The evaluation showed 
that the simulation and the experimental results were in correlation, as regards the grain 
sizes. Therefore, this proved that in predicting the microstructural evolution and the 
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temperature fields in the direct metal-deposited Ti-6Al-4V material that developing and 
implementing a CAFE model was a reliable simulation method [91]. 
 
Akerfeldt et al. [92] conducted a comprehensive study on Titanium alloy Ti-6Al-4V 
specimens that were fabricated by the Laser Metal wire Deposition (LMwD) additive 
manufacturing process; and their study focused on the growth and propagation of fatigue 
cracks by characterisation via electron-backscatter diffraction. The specimens were 
oriented in two configurations and evaluated; they were laterally and perpendicularly built 
with respect to the direction of deposition. The evaluation was conducted at standard 
atmospheric temperature and at 250˚C. The fatigue crack-growth profiles of the selected 
specimens revealed no distinction in the growth rate of fatigue cracks in the specimens 
that were oriented laterally, and in those oriented perpendicular to the direction of 
deposition. 
It was also noted that the temperature difference from the room to an elevated 
temperature of 250˚C had no effect on the crack profiles. Fracture observations revealed 
that fractured surfaces for all  the specimens displayed varying areas of tortuous crack 
growth. This characteristic of local crack propagation occurred because of the prior β 
grains consisting of α colony sizes and material orientation with respect to the direction 
of build, in which specimens that were oriented in parallel displayed prominent anisotropy 
in their fractures [92]. 
The prevalent α colony sizes along the boundaries of the prior β grains promoted similar 
widespread lattice structure and orientation within the prior β grain boundaries. The 
specimens oriented parallel to the direction of build had crack profiles, which had a high 
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factor of Schmid intensity regarding the crystallographic slip system. However, specimens 
oriented perpendicularly had a much higher distinction in the Schmid intensity factor. The 
defects were caused by the lack of fusion; this revealed large local areas of various 
orientations in proximity to the defects – indicating that there were heterogeneous 
distributions of stress in the areas surrounding the defects [92]. 
 
Oliveira et al. [93] conducted a study, in which the corrosion performance of Titanium 
alloy (Ti-6Al-4V) was investigated – in an attempt to improve the property by the 
application of nitride coating deposits, namely TiN and TiAlN/TiAlCrN by plasma-assisted 
physical vapour deposition (PVD) technique in a hydrochloric acid (HCl) solution of 2 M 
at varying temperatures of 25, 60 and 80˚C. An open circuit potential (OCP) against time 
intervals, a spectroscopy of electrochemical impedance and potentio-dynamic 
polarisation methods was used to measure the behaviour of the corrosion. 
The results revealed that the uncoated titanium alloy substrate demonstrated a higher 
corrosion density, and lower spectroscopic electrochemical impedance in comparison 
with the corrosion behaviour measured for the coated alloy. Indicating thereby that the 
coated alloy provided good corrosion resistance for the titanium alloy. Observations 
showed that the uncoated titanium alloy was reactive and transitioned from active to 
passive, when submerged in the HCl solution. Whereas the Tin and the TiAlN/TiAlCrN 
coated alloy were non-reactive. The low current density of the corrosion and the high 
values of impedance were attributed to the superiority of the corrosion resistance of the 
applied coatings [93]. 
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Observations at 25˚C showed that a single layer (2.2 μm) of TiN coating enhanced the 
corrosion resistance of the titanium alloy than did the multiple-deposited layers of 
TiAlN/TiAlCrN. The TiAlN/TiAlCrN deposited coating had a thickness of 6 μm and a low 
number of interfaces (N=6). The aluminium content present in the composition of the 
TiAlN/TiAlCrN coating made it susceptible to react when in contact with the HCl solution. 
The corrosion resistance was invariable at 60 and 80˚C for both nitride coatings deposited 
on the titanium alloy. The potentio-dynamic polarisation results revealed that at 25, 60 
and 80˚C, the TiAlN/TiAlCrN coating was deposited on the surface of the alloy; but the 
TiN coating remained intact [93]. 
 
Dzugan et al. [94] investigated the fractured performance – on a small scale – of small 
Ti-6Al-4V specimens fabricated by Selective Laser Melting (SLM) and Selective Electron 
Beam Melting (SEBM) by ascertaining the microstructure and the mechanical properties 
resulting from the effects of the specimen thickness, the position and the build direction. 
The study developed a systematic method in which the small-sized specimens – reduced 
from the larger parts – were employed to ascertain and document the resulting 
microstructure by local property characterisation, the developed porosity by tomography, 
and the tensile properties. 
This approach enabled processing variations (additively-manufactured conditions) to also 
be determined from the fabricated additively-manufactured specimens. The results 
obtained and reviewed, revealed that the orientation of the deposited layers, as well as 
the thickness and location of the specimens resulted in the anisotropy found in the 
microstructure and the tensile properties. There were tensile properties that were affected 
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by the excising of the superficial as-deposits. The system developed in the study was a 
cost-effective approach, especially in relation to the quality control of the additively-
manufactured components. The method enables the small specimens to be placed at 
different locations in the additive-manufacturing chamber, the ability to mate with the 
component parts, and to remove them from the component parts [94]. 
The anisotropy inherent in the thermal gradient of the fabricated specimens could  be 
attributed to the large anisotropic tensile properties that resulted when the three methods 
were employed. The study still commenced to ascertain these differences. In order to 
ascertain these properties with great validity, the study showed that it is of importance to 
investigate the positioning, the thickness, and the orientation of the additively-
manufactured specimens. It is also of importance to consider the surface roughness and 
the other surface contributors of the fabricated specimens, since they affect the resulting 
tensile properties [94].  
 
Farayibi et al. [95] conducted a study in which the surface of laser-cladded Titanium alloy 
Ti-6Al-4V was improved by employing Plain Water Jet (PWJ) and Pulsed Electron Beam 
Irradiation (EBM). The current state of knowledge states that the laser cladding method 
can be used to improve the lifespan and the repair of worn-out parts with high replacement 
costs. One of the main concerns is the resulting surface finish of laser-cladded 
components; ridges forming and a poor overall surface finish. This study addressed these 
issues, by developing an approach in which the surface finishes of the components might 
be achieved, according to specific criteria. The PWJ and EBM were applied sequentially 
in the process, in order to create  a uniform surface of low roughness than that of the 
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initial laser-cladded components, which have a poor surface finish with high roughness. 
Prior to the post-processing, the surface observed had ridges measured to be 200±18 μm 
(peak to trough) and 49 μm waviness. The PWJ applied to the surface of the cladded 
components had a pressure head of 345 MPa impinged at 90˚, 3mm stand-off distance, 
a traverse speed of 250 mm/min and a 0.25 mm overlap during milling. 
The sequential process resulted in the removal of the ridges, with a 480±10 μm surface 
depth after milling. The waviness, the surface roughness and the surface straightness 
achieved were 14.9 μm, 12.6 μm Ra and 44 μm, respectively. These were achieved after 
the PWJ process, which related to the surface having defects characterised by a poor 
layer of cracks, deep pores, staggered surfaces and underlayer gaps. However, this poor 
surface layer, because of the PWJ process, was rectified when the surface was subjected 
to the Pulsed Electron Beam Irradiation (EBM) of 50 pulses at 17 J/cm2. The defected 
surface was melted, thereby removing most of the rough edges, burrs and gaps, resulting 
in a uniform and straight surface with a 6.2 μm Ra final roughness [95]. 
 
Wu et al. [96] fabricated Titanium Ti-6Al-4V alloy components, using the Wire Arc AM 
process with Gas Tungsten as the only local shielding gas (GT-WAAM). The geometry of 
the build, as well as the tensile properties of the fabricated components were investigated 
in terms of the influence of the thermal performance during the Additive Manufacturing 
process. Computations were done to study the accumulation of heat and the thermal 
performance during the GT-WAAM process, by employing the in situ measurements of 
the temperature at subsequent deposited layers. The viability of fabricating Ti-6Al-4V 
components by using GT-WAAM technology was assessed by evaluating the influence 
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of the heat generated and accumulated by the process – under a local shielding gas – on 
the metallurgical evolution and tensile properties of the components. 
The phenomenon was investigated by using SEM, OM, EDS, XRD and conventional 
tensile load tests. The results obtained from the empirical measurements showed that 
there was anisotropy in the tensile properties and in the characteristic features of fracture 
due to the heat generated and accumulated during the process along the direction of 
build. In addition, this could be attributed to the anisotropy, due to the influences in the 
evolution of the microstructure, the oxidation layer of the surface, the resulting sizes of 
the grains, and the crystalline phase, which all varied, according to the accumulation of 
heat [96]. 
Based on these results, it was deduced that to produce quality Ti-6Al-4V components 
with desirable tensile properties, the interpass temperature (i.e., the temperature of 
subsequent deposited layers) had to be limited to 200˚C and below, when fabricating the 
components by means of GT-WAAM technology under a local shielding gas. Along the 
height of the build there was a phase transition in the evolution of the microstructure – as 
the structure of pseudo-lathes in a matrix, lamellae structure, a structure of basketweaves 
and alpha colony structures were developed; they had influenced the characteristic 
features of fracture and the tensile properties of the fabricated components. It was noted 
that to improve the ductility of the material, the alpha colony structures that had been 
formed, needed to be controlled. The interpass temperature, along the layer, determined 
the coupling effect of the predominant surface oxidation layer and the minimal influence 
of the metallurgical evolution on the anisotropy of tensile properties at various locations 
of the walls of the coating [96]. 
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This study serves as a reliable reference for processing-control and the optimisation of 
Ti-6Al-4V components fabricated by the Wire-Arc AM process in terms of the findings 
provided regarding the thermal accumulation and on the effects of the specified properties 
investigated [96]. 
 
Sun et al. [97] investigated the effects of the Selective Laser Melting (SLM) processing 
parameters on the densification performance and the evolution of the microstructure of 
the Ti-6Al-4V parts fabricated by the SLM process. The evolution of the microstructure 
was studied in correlation with the complexities of the heat histories in the building 
process. The performance of densification and the transformation of the microstructure 
during the SLM fabrication process of the Ti-6Al-4V parts were explored, in terms of the 
morphology and the microstructure characterisation conducted on the surface. 
The investigation probed to establish the corresponding link between the evolution of the 
microstructure, and the bulk-energy densities, as well as the thermal histories. The results 
obtained revealed that the performance of densification was poor; and the frontal region 
of solidification was turbulent, which led to track discontinuities and the random flow of 
the liquid. This was in addition to the initial low 25 J/mm3 bulk energy density used. 
However, the observations showed that there was a significant improvement on the skin 
of the parts since the integrity was satisfactory and they became compact in accordance 
with the increase in the bulk energy density from 25-100 J/mm3 [97]. 
In addition, there was an improvement from 48.6 - 6.5μm of the average surface 
roughness; and the density had increased relatively from 93 – 97%. The surface of the 
samples had metallic spheres characterised as pores, which were also identified as being 
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partially opened. These pores were established as having the “balling effect”. This effect 
was improved significantly at a 250W processing laser power, in combination with a 
300mm/s laser scanning speed. Metallographic analysis showed that the increase in the 
bulk energy density had resulted in the evolution of the microstructure, as follows: zig-zag 
ultrafine martensitic primary alpha, fine needle-like martensitic primary alpha, and 
lamellae alpha grains, which was coarse [97]. 
The rate of solidification was seen to have increased and this resulted in the refinement 
of the microstructure. This phenomenon had occurred, because of the increase in the 
laser-scanning rate. Metallographic observation showed that differentiated substructures 
were formed from the martensitic phase; and they followed a specific sequence in terms 
of the morphological and transformational principles. The substructures were 
differentiated into four substructures, from primary to quartic primary alpha, as well as the 
alpha phase identified as rods and dots. The hierarchal differentiation of the substructures 
promoted was in relation to the thermal histories which were induced during the building 
and solidifying process of the SLM fabrication process of Ti-6Al-4V, i.e., the substructures 
and phase were formed and constituted according to the heat-cycle intensities. The major 
axis of the substructures (primary to quartic) were measured; and the lengths were found 
to be 20 - 70µm, 10 - 20µm, 1 - 10µm and 0.5 – 1µm, with respect to all four primary alpha 
substructures [97]. 
The analysis conducted revealed that there was an increase in the percentage volume of 
the martensitic tertiary and quartic primary alpha phases. This was because of the cyclic 
heat generation and the rapid dissipation of thermal energy, due to the reduction in the 
bulk energy density. The principle devised in the investigation indicated that when the 
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bulk energy density is in regulation, the constituted martensite phase and the morphology 
could be controlled [97]. 
 
Molaei et al. [98] employed the Powder Bed Fusion (PBF) process to fabricate titanium 
alloy Ti-6Al-4V tubed components of thin-walled structures. This was used to investigate 
the impact that the post-processing of Hot Isostatic Pressing (HIP) had on the fatigue 
performance, and on the multi-axial load conditions applied, as well as the effects that the 
roughness of the surface and its orientation had on the process. The specimens were 
subjected to deforming conditions that included torsional, axial, in-phase (combined) and 
axial, combined with torsional loadings that were 90˚ out-of-phase. Build orientations at 
45˚ (diagonal) and vertically were studied, in order to ascertain their significance in the 
fatigue behaviour. The effect that the roughness of the surface had on the fatigue 
behaviour was assessed by subjecting specimens that were surface-machined and as-
built to a series of fatigue tests. The impact of the HIP process was also investigated by 
subjecting heat-treated specimens to the process, and then evaluating the significant 
effect. 
The effects of the varying input-processing parameters and the fatigue data were 
evaluated and compared from dual PBF machines. Comparisons were made between 
the HIP specimens that were subject to torsion from the behaviour of the heat-treated 
specimens subject to torsion, and to the wrought specimens that were cyclically 
deformed; for the purpose of ascertaining the significance of the HIP process. The results 
revealed that the PBF specimens that were subjected to the HIP process underwent a 
Page | 109  
transformation in microstructure; and this was consequent to internal defect constriction 
and fusion [98]. 
This was attributed to the correlation found in the behaviour of the wrought and the HIP-
processed specimens that were subjected to axial and torsional loads. The additively-
manufactured specimens that were subjected to the HIP process caused the reduction in 
ductility, which resulted in the specimens being minimally softened cyclically as regards 
to plastic deformation; in contrast to the degree of cyclic softening experienced by the 
wrought specimens. The HIP-treated materials experienced no excessive hardening 
cyclically, when the 90˚ axial load, combined with the torsional out-of-phase load was 
applied. The same was deduced for the wrought specimens. The HIP process on the PBF 
annealed surface machined materials caused the evolution of the alpha martensitic 
particles – that were low in ductility – to the alpha/beta phase, which was ductile, and to 
the reduction in structure and the fusion of the internal defects. This microstructural 
evolution led to the detected shear failure in the Low-Cycle Fatigue (LCF) and the High-
Cycle Fatigue (HCF) regions after the post-processing treatment. The PBF materials that 
were surface-machined and annealed had shear failure in the LCF area, and throughout 
their longer life. They were found to be tensile, signifying that in the HCF area, the internal 
defects were predominant [98].  
The failure results obtained for the materials that were machined and surface-annealed 
were also achieved for the as-built materials that were subjected to HIP processing. 
Analysis of the fatigue performance, as a consequence of the varying loads applied, 
revealed that the additively-manufactured HIP-treated specimens and the wrought 
specimens had corresponding behaviours. The ductility of the materials that were HIP 
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treated had improved; and this was consequent to the evolution of the microstructure, as 
well as the reduction of the internal defects and the remedying of the residual stresses 
[98]. 
Observations showed that the results measured from the von-Mises equivalent of the 
multiaxial deformation data, based on the varying load applications, did not correlate well 
with the data obtained from the fatigue tests of the torsion, axial, in-phase (combined) 
and the out-of-phase (90˚) axial combined with torsion loadings. However, a better 
correlation was achieved with the cyclic deformation data from the predicted fatigue life 
curve of the planar Fatemi-Socie critical parameter. In completion of the HIP process 
applied to the materials, the volume of the manufacturing defects decreased, thereby 
reducing their structure; and this resulted in the additively-manufactured annealed 
materials having a considerably shorter fatigue life in the HCF than the materials that 
were HIP-treated. This was an improvement; however, the post-treatment only removed 
some of the partially fused particles, the gas-entrapped pores and the other superficial 
residual defects, which are all potential sites for the initiation of cracks [98]. 
The HIP post treatment not only reduced the internal defects; but it also remedied the 
direction anomalies caused by the additive-manufacturing building process. This 
accounted for the materials not having considerable anisotropic effects, after the HIP 
treatment. When the materials were subjected to the torsional load condition, the 
threshold of fatigue failure was on the external surface, due to the inclining stress; 
whereas the threshold of the initiated crack was unclear for the axial and axial combined 
with torsion (combined) load conditions; since the fatigue failure could have occurred at 
the manufacturing defects, or at the internal, or at the external surface of the material [98]. 
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The fatigue-failure behaviour of the materials HIP treated was significantly different for 
the various conditioned surfaces. The results revealed that the HIP materials that were 
surface-machined had longer fatigue lives than the HIP materials that were only 
superficially as-built. This occurred because although the post-treatment reduced the 
manufacturing defects, the length of the fatigue life is affected by the surface roughness; 
and this generated micro-cracks, which are factors that are not affected by the HIP 
process. It was observed that the variations in the processing parameters and the PBF 
fabrication from machine-to-machine are to be of great significance in the anisotropy of 
the thermal rates, the microstructural evolution, and the nature of the defects developed. 
These are all important factors that govern the effects on the fatigue behaviour of the 
materials. The morphology, the dispersion and the positioning of the generated defects 
in the additively-manufactured materials are the characteristics that are influenced by the 
additive manufacturing processing parameters, the powder metallurgy and the thermal 
rates [98].  
 
Yang et al. [99] Employed the Finite Element Method (FEM) to validate and predict the 
thermal and the mechanical performance of titanium alloy Ti-6Al-4V additively-
manufactured by the direct-energy deposition Laser Engineering Net Shaping (LENS) 
process. The numerical model developed was “thermo-elastic-plastic”, representing 
three-dimensional mapping. The main incentive of their study addressed one of the 
significant impediments in additive manufacturing that limits the technology from being 
completely accepted widely in broader industrial fields. This is the generation of thermal 
residual stresses and the distortions in the fabricated high-functioning components. 
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Their study contributes to the current state of knowledge that includes the validation of 
the developed model by comparing – via magnitude and mapping – the modelling 
distortion observed on the base surface of a thin parent material, with the measurements 
made empirically by employing a laser scanner that provides three-dimensional mapping. 
Whereas, the more conventional method was to compare the numerical results with the 
empirical results by the point-wise approach, in order to validate the proposed model. 
This has limited the potential knowledge perceived. Also, the study proved the 
significance of employing quasi-static simulation, as a means of conducting computations 
in a cost-effective way, by conducting quasi-static and dynamic modelling and comparing 
the obtained results with those achieved mechanically [99]. 
The incentive was to contribute to the lack of publications done in measuring how effective 
the quasi-static mechanical methodology is in the transient LENS process. The additive 
manufacturing building process was modelled. The modelling results and the empirical 
results were used in comparison with each other, to validate the thermal behaviour that 
was analysed. The comparison was based on the point-wise thermal history, which was 
also valid for the thermal transfer through the parent material across its thickness. The 
magnitude of distortion, as well as the distorted pattern at the base surface of the parent 
material were similar, for both the empirical and the simulation results; and this was used 
to validate the mechanical modelling, which is more esoteric than the previous point-wise 
method of comparison used in the past [99]. 
The analysis performed on the contraction-induced bending, coupled with the numerical 
analysis in terms of the stress field computed longitudinally within the larger and smaller 
dimension of the walls, were used to profoundly explain the map representing the 
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distortion. The effects of modifying the surface through the building process and the 
detailed empirical heat-transfer convection measurement could be considered for future 
recommendations of this work, in order to achieve greater validity and accuracy. 
However, on-line optimisation of the additive manufacturing process by employing Finite 
Element Method technology in the industry would require a methodology that provides 
more accuracy and efficiency [99]. 
 
Biswal et al. [100] investigated the effects that porosity defects have on the fatigue 
performance of additively-manufactured Ti-6Al-4V alloy. The focus was based on how the 
shape, location, size, and the other morphological characteristics of empirical gas 
entrapped pores influence the fatigue-life performance of the material. A finite element 
simulation was initially conducted, based on an elastic-plastic model to compute the 
change of the local mean stress, the stress and strains at the localised areas, and the 
plastic deformation that occurred cyclically within the perimeter of the isolated pore 
defects. 
The elastic-plastic model developed from the morphology of the gas pores was spheroid 
and elliptically spherical, which were used in the modelling analysis. The fatigue life was 
predicted by using this method of determining the life of the strain. The Hot Isostatic Press 
(HIP) post process was applied to the additively-manufactured Ti-6Al-4V; and the S-N 
data obtained were used as a standard to predict the fatigue-life performance of the 
materials, conditioned to being pore-free. The finite element results revealed that the 
location and the shape of the isolated gas entrapped defects govern the factor of the 
stress concentration (Kt). In addition, although the geometric size of the gas pore is 
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inconsequential in the prediction of the fatigue life, the cross-section area bearing the 
load, decreases due to the enlarged pores. Spherical gas pores were characterised as 
an internal defect when their location was measured and found to be four factors more 
than the diameter proxy of the pores to the free surface, and the stress concentration 
factor of this type of pore was found to be 2.08. Surface pores that were hemi-spherical 
had a stress concentration factor of 2.1. Elliptically spherical internal pores had a stress 
concentration factor of 2.5. The type of gas pore that was found to be critically important 
was the spherical pores that were found at the subsurface, which  had a pore diameter 
away from the free surface [100]. 
Their stress concentration factor had increased from 2.2 to 4.3, contingent to the distance 
from the free surface. The internal gas pores that had geometrically evolved from being 
originally spherical to elliptical, at a factor of two, were found to have a stress 
concentration of 2.08 that had increased to 2.5. The literature synthesis provided in the 
previous publications on the Selective Laser Melting (SLM) of Ti-6Al-4V was used to 
calibrate the application of the non-linear mixed hardening rule, which was used by [100] 
to model the relationship the materials had  to the cyclic deformation load condition. The 
mean stress that was locally measured was found to have relaxed; and this was attributed 
to the effect of the cyclic plastic deformation, which had occurred at the root of the gas 
pores. This phenomenon was governed by the morphology of the gas pores, the ratio of 
the stress to the application of the stress amplitude. The strain-life relation equation that 
was formulated by Smith-Watson-Topper, was used with the locally computed maximum 
stress and strain amplitude obtained from the finite element model, to predict the fatigue-
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life performance, including the local strains, which were high, as well as the relaxed mean 
stress that was measured locally [100]. 
The procedure of predicting the fatigue-life performance was validated with the literature 
that was published on the experimental results of additively-manufactured Ti-6Al-4V 
powder-based alloys, that included knowledge of gas pores location, with the size and 
the shape being the sites of crack initiation. The work was further investigated through a 
parametric study, which confirmed and provided more comprehension that the fatigue life 
performance of the material was influenced by the shape and the location of the internal 
pores and less on their size. The strength of the fatigue had decreased, consequent to 
the isolated porosity defects; and this was accounted for by employing an S-N curve in 
the parametric study [100]. 
 
Khatri and Jahan [101] conducted a study investigating the various possible wear 
mechanisms that dominate, when using machine tooling, to machine titanium alloy Ti-
6Al-4V. Three machining conditions were used that included dry machining, excessive 
coolant and Minimum-Quantity Lubrication (MQL). The machine tools used comprised 
one uncoated carbide tool; while the other tool was of Titanium Aluminium Nitride (TiAlNi) 
carbide coated. Both cutting tools were used, set at the same machining process 
parameters to machine the titanium alloy material. The machining parameters considered 
were the cutting speed, which was set at a high speed, but thereafter kept constant; the 
tool-feeding rate and depth of cut. These were the invariant parameters used in the 
multiple tests conducted in the final mill-machining of the material. 
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Upon completion of the multiple experiments conducted in the dry, excessive coolant and 
MQL machining conditions, it was observed that the tool wear mechanism that was the 
most prominent was abrasion, during the machining of the material. However, during the 
dry machining condition, abrasion tool wear was most dominant, followed by MQL 
condition with the least occurrence and excessive coolant. These displayed the very least 
occurrence of abrasive wear. The tool-cutting faces, namely the rake and flank faces are 
the two tool geometries, which are responsible for the life of the tool and the surface 
roughness finish. They both showed occurrences of tool abrasion, as being dominant 
[101]. 
During the final milling of the titanium alloy material, high excessive heat was generated; 
while the tip of the carbide tools experienced cooling in periods, which was caused by the 
generation of thermal fatigue. This resulted in the wear of the tip of the tool, as well as 
the chipping of the edge that was observed as also being a dominating tool wear 
mechanism. During the machining in the dry condition, it was found that the tool-wear 
mechanism that was second in dominance was adhesion. Machining in the MQL condition 
showed a reduction of the chipping of the edge and adhesion of the generated chips 
[101]. 
The MQL machine condition had reduced the dominating occurrence of plastic tool 
deformation of the tool edges and flutes, which were prominent during the dry and 
excessive coolant machine conditions. When the coated (TiAlNi) carbide cutting tool was 
used in the excessive coolant and MQL machining conditions, the coatings started to 
delaminate, and this was more dominant in the two wet conditions than in the dry 
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machining. This signified how much more effective it was to machine materials in the dry 
condition than with an application of a coolant with coated cutting tools [101]. 
From the results obtained, it was deduced that the most productive and efficient way to 
machine titanium alloy Ti-6Al-4V materials is in the MQL machining condition than in  the 
dry machining and excessive coolant, because of the lower dominance of tool wear 
mechanisms that occurs during the MQL condition [101]. 
 
Zhang et al. [73] fabricated Ti-6Al-4V parts, using the Laser Powder Bed Fusion 
technique. The investigation conducted was based on the prediction of the tensile 
properties by using numerical modelling of the finite elemental analysis. The incentive 
was to add to the current state of knowledge pertaining to the advancements on the 
material integrity of the parts additively-manufactured, and which are susceptible to 
processing defects, short fatigue life and with strength below that required. The process 
of Selective Laser Melting fabrication of the Ti-6Al-4V parts was simulated in terms of two 
alloys, according to one-element modelling. 
The tensile properties were predicted by using the predicted and validated thickness of 
the lamellae structures and the volume percentages of the phases, as initial input 
parameters for the numerical modelling. The numerical predictions were validated by 
empirical tests pertaining to the results obtained from standard tensile tests, which 
included untreated and heat-treated specimens. The numerical models enabled the 
tensile test simulation to the point of a limited necking during elongation. From a few 
empirical tests, it was possible to easily calibrate the trials. The processing parameters 
were able to be optimised at satisfactory computational processing periods, but only when 
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the numerical models were calibrated as this required dynamic simulations tools by the 
user for metallurgical manipulation [73]. 
The iterative optimisation and the exploration of the metrics of tensile performances was 
achieved, due to the relationship ascertained between the features of the microstructural 
evolution and the build conditions, linked to the approach used in the investigation. As 
previously stated, the numerical predictions provided results in advance of the constant 
post-ductility limit, which included the performance of the strength and the softening 
through necking. These were achieved by the implemented pragmatic and numerical 
approach, which required modelling calibration with less effort [73]. 
 
Liang et al. [102] conducted a synthetic investigation of characterising the surface 
features and evolutional delamination affected by turning tool wear of the flank in a dry 
machining process of Titanium alloy grade 5 (Ti-6Al-4V). The surface topography was 
analysed under SEM and OM (Confocal laser scanning). The observations and the 
surface characterisation were based on surface parameters, as well as superficial 
porosity in three dimensions. The analysis of the results showed that evolution of the 
surface topographies and the effects of the dry turning-tool wear were well-correlated. 
When the tool conditions were changed from new to worn, it was observed that the acute 
peak marks formed during tool feed had gradually became blunt, as the height of the 
peaks had reduced; and the width had increased. The phenomenon called the “wiper 
effect” was observed as the curvature of the peaks was seen to reduce, according to the 
wear of the tool flank. The transition from a new to a worn machining tool showed that the 
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trend in the surface topography of the amplitude, functional, spatial, volume and hybrid 
three-dimensional parameters had decreased [102]. 
However, the Sku, Spd and Svk of the amplitude, the hybrid and functional parameters, 
respectively, had increased in proportion to the increase in tool wear. In addition, there 
was initially an increase, but then a decrease in trend in Spk and Vmp of the functional and 
volume parameters. The Sk and Vvv of the functional and volume parameters had shown 
an initial decrease, but then an increasing trend. The overall trend observed showed that 
the increase in the tool wear had detrimental impacts on the surface as it was seen that 
the damage to the surface had increased. The patterns of the tool wear, coupled with the 
thermo-mechanical loads, comprised the basis on which surface porosity, such as 
scratches, marks formed during tool feed, the burned surface, curvatures due to 
ploughing, torn surfaces, side/plastic flow, and adhered particles of the material,  were to 
be analysed [102]. 
The porosity on the surface was confirmed as being promoted during the cutting process, 
due to the mechanical interaction of the machining turning tools with the substrate. The 
bulk of the material and the composition of the surface porosities were agreed on, as the 
elemental analysis of the Electron Diffraction Scatter results had showed. Industrial 
applications have attempted to improve manufacturing processes by defining the wear 
stages of cutting tools for the requirements of the desired surface quality [102]. 
 
Lu et al. [103] employed the laser-cladding process to deposit singular tracks of titanium 
oxide (TiO2) onto a titanium alloy Ti-6Al-4V substrate by using a special powder 
composed of CuO doped with TiO2. The investigation focused on the relationships 
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developed between the morphology, the microstructural development of the singular 
titanium oxide tracks deposited, the processing parameters and the properties of the 
compositional powder. The CuO doped in the powder composition reduced the 
processing laser energy intensity in the process; and this enabled the enhancement of 
the transmission energy into the Ti-6Al-4V substrate, 
This created a molten pool, which had good stability and a low surface tension that 
retained the low viscosity, thereby improving the wetting of the Ti-6Al-4V material. The 
compositional powder was deposited successively, creating scanned tracks that 
overlapped. This was in favour of the cross-sectional profile that was formulated by the 
continuous singular tracks of the TiO2. The final geometry and the dimensions of the 
singular cladded scanned tracks were influenced independently by the intensity of the 
laser power input and the scanning speed in the process [103]. 
The geometrical features of the tracks were elucidated by the magnitude of the laser 
energy density. The stabilised molten oxide created during the process transferred heat 
convectively by mass transfer through the substrate, which was the cause of the 
capricious waviness at the abnormally shaped contour that was observed at the 
coalescent region of the deposited coating and the substrate. The gradient at the interface 
of the substrate and the coating was compositionally attributable to the prevalent mixture 
of the oxide molten pool and the metal that was governed by the thermal transfer in the 
melt pool and the concentration rates [103]. 
It was found that the oxygen that was released from the decomposed titanium oxide and 
CuO was absorbed into the substrate; and the Ti, Al and V that composed the substrate 
had fused into the oxide molten pool. The microstructure on either side of the scanned 
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tracks had changed contingent to the solidification of the molten pool and its temperature 
rates and compositional gradients. It was observed that in the proximity to the interface, 
the grain cells that were formed were very small; and at the regions above the scanned 
tracks, larger grains formed that had a core of dendrite material [103]. 
The high temperature and the low cooling rate of the molten pool resulted in the formation 
of large dendrites in a solid homogenic structure, which was found at a much greater 
laser-energy density magnitude [103]. 
 
Lu et al. [104] conducted a comparative study of the resulting anisotropic microstructure 
and the tensile properties of the Additive Manufacturing (AM) Laser Direct Metal 
Deposited (LDMD) Titanium alloy (Ti-6Al-4V) components along the length and in the 
transverse direction. The fabricated components were found to be compact and without 
any defects. In situ uniaxial tensile test loading was used to ascertain the various resulting 
modes of fracture, which had occurred in the respective orientations, based on the 
anisotropic distributions observed in the microstructure when using the Scanning Electron 
Microscope (SEM). 
The anisotropic distributions in the microstructure resulted in the anisotropy found in the 
tensile properties. The results revealed that along the length of the components, the 
cross-section area had both reduced and elongated greatly; whereas in the transverse 
orientation, it was found that the components had elongated less, because they had a 
high tensile and fracture strength. The microstructural composition of the tensile 
transverse specimens consisted of the previous beta grains that were columnar and short, 
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while being of lamellar in structure. A tender grain boundary of alpha phases was also 
identified [104]. 
Alpha colonies and alpha-grain boundaries were observed along the grain boundary of 
the beta. The grains grew perpendicular to the axis of the tensile load applied, this was 
attributed to the strengthening of the tensile and fracture properties, which were greater 
than in the perpendicular orientation. Alpha phases were observed in the tensile 
specimens, which were oriented longitudinally; they had a basket-woven structure that 
consisted of small alpha colony sizes and short alpha platelets in contrast to the 
specimens oriented transversely. This caused a significant reduction in area and the 
minimum stress measured. The employed tensile-testing methodology was also used to 
evaluate the anisotropic mechanical properties. It was observed that the fracture 
mechanism in the transverse specimens was shear along the boundary of the prior beta 
grain, which was caused by the boundaries of the vertical beta grains, coupled with the 
big alpha colonies that prevented micro-crack initiations, because of the resulting high 
strength. Equal deformation was observed on the two opposite ends of the grain 
boundaries; and the necking that had occurred was attributed to the composition of the 
small alpha grains [104]. 
 
Rousseau et al. [105] investigated the anisotropy in the microstructure and the tensile 
properties of Direct Energy Deposited (DED) Ti-6Al-4V alloy, which was attributed to the 
concentration of oxygen in new and recycled reinforcement powders. The DED process 
is one of the few additive-manufacturing processes that utilise powders that provide 
efficiencies of use that vary from 40-80%. It is necessary to consider the environmental 
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and the economic factors, in relation to the effects that reinforcement powders have on 
the respective factors. Utilising a cost-effective powder that may be reused in the process 
is a method of good environmental and economic consideration. Its price is determined 
by its level of purity. In the study, three types of powders with different grades were used, 
which had a higher concentration of oxygen; their effects microstructurally and on the 
mechanical properties were characterised before and after the processing. 
The results revealed that the reinforcement powders, which were recycled; and the parts 
printed, showed no visible pick-up of oxygen. What was identified from the recycled 
powder was the distribution of particle size coarsening and the promotion of particles that 
had disintegrated. The evaluation done on the chemical composition of the heat-treated 
parts and the feedstock powder showed that in all the test conditions, there was a 
reduction in the Aluminium content; and the parts printed with the fresh reinforced powder 
displayed no reduction in the Vanadium element. However, the utilisation of recycled 
powder displayed a reduction in the Vanadium content; but it was still compositionally 
valid, according to its initial classification grade [105]. 
It was observed that, due to the deposition process, the parts had a microstructural 
constitution of high martensitic primary alpha grains, enclosed by boundaries of prior beta 
grains; and the post-processing annealing had created a woven microstructure, 
composed of alpha and beta structures. Microstructural observations showed that the 
grains grew in the direction of build; and did not change, even after annealing. Evaluation 
of the results revealed that the higher the oxygen content, the more Ti-α along the grain 
boundaries, as well as the inner grains of Ti-β and laths of Ti-α formed. Moreover, the 
increasing oxygen concentration had no major influence on the elongation; but it did 
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improve the mechanical properties. However, the elongation in all parts was 20% after 
fracture [105]. 
 
Vilardell et al. [106] fabricated specimens of Ti-6Al-4V alloy by the Laser Powder Bed 
Fusion (LPBF); and they investigated the significance of the surface topography on the 
fatigue performance of the specimens produced. The density of the samples was found 
to be greater than 99.5%, with all the specimens being processed with constant 
processing parameters. The tops and the sides of the specimens were used to ascertain 
the surface topographies. The investigation was conducted by profiling the surface 
optically; and a microscopic study of the focus variation was used to ascertain the 
microstructural evolution and the surface topography. 
The specimens had the highest stress at the top and on the sides, after being subjected 
to a fatigue test by bending. The microscopy of focus variation and SEM were employed 
to characterise the fracture mechanisms at the surface. This included the initiation and 
propagation of cracks. It was observed that the side surfaces of the specimens had a 
much higher roughness than did the top surface, which led to the rapid initiation of cracks 
because of the high stress concentrations of the surface valleys. Moreover, this was 
attributed to the low fatigue performance obtained at the side surface of the specimens 
[106]. 
The “staircase effect” intrinsic to additively-manufactured surfaces was another reason 
for the difference in fatigue life at the respective surfaces used on the specimens. It was 
found that the fatigue performance was also reduced by the scanned path of the 
processing laser. The cracks lateral to each other on the highly stressed surface of the 
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specimens were nucleated, which were promoted by the laser-scanning path. However, 
the crack initiations were more influenced by the roughness of the surface than the path 
that the laser scanned [106].  
 
Turichin et al. [107] studied the effects on the technological efficiency of the Direct Laser 
Deposition (DED) and on the generation of porosity in the microstructure of the Titanium 
alloy-produced parts. The tomography results obtained via X-ray revealed that the 
number of partially melted pores and their morphology was reduced in proportion to the 
increase of the laser-heat processing input. Before and after the processing, the 
specimens possessed high strength; and they had a low ductility, measured from the 
tensile tests that were conducted. A desirable strength and ductility were achieved for the 
specimens after the Hot-Isostatic Pressing (HIP), at a ratio mode of laser power to 
process velocity of 2000/30. The percentage elongation increased to 15% at the ratio 
mode of 2200/40. 
The results obtained from the X-ray spectroscopy revealed that in the composition of the 
microstructure, there was a phase mixture of alpha and primary alpha particles in the 
specimens prior to the heat treatment, which formed in as a result of the initial beta to 
primary alpha transformation. However, subjection to HIP, resulted in the dissolution of 
the primary alpha phase into a lamellar structure of alpha and beta phases. It was also 
observed that following the heat treatment, there was the generation of the secondary 
alpha phase along the grain boundaries and the primary alpha-lamellar phase; and this 
also promoted further growth of the primary alpha-lamellar phases. The evaluation 
conducted on the deposited samples prior to the heat treatment revealed that it had a low 
Page | 126  
rate of plastic deformation; and this was deduced to be the result of the metastable 
primary alpha-phase formation [107]. 
 
Mahamood and Akinlabi [108] investigated the significance that the laser scanning speed 
processing parameter had on the evolution of the microstructure and the microhardness 
property by the Laser Metal Deposition (LMD) of Ti-6Al-4V reinforcement powder on a Ti-
6Al-4V substrate. The deposition process was conducted by employing a laser Rofin 
Sinar Nd: YAG at 4 Kw, coaxial to the reinforcement powder. The laser scanning speed 
was the only variant process parameter that was varied between the intervals of 0.0055-
0.095 m/sec; and the parameters were kept constant, as was the rate of gas flow, the 
laser power and the rate of the powder flow. 
Optical microscopy was done to determine the metallurgical evolution in the fabricated 
specimens and the Vickers hardness tester was employed to determine the resulting 
microhardness property. The results revealed that the obtained microhardness of all the 
fabricated specimens were improved subsequent to the measurements done on the 
substrate. The observations made revealed that, as the scanning speed was increased 
between the two intervals, the microhardness of all the specimens had improved in direct 
proportion to the laser scanning speed. The Laser Metal Deposition process is known to 
provide a high molten pool solidification rate; and this facilitates the improvement of the 
microhardness property in those parts, which were produced by the process. It was 
concluded that obtaining the desirable material properties is rendered possible by the 
optimising of the laser scanning speed of the laser LMD of Ti-6Al-4V, which in turn, 
enabled better control of the process [108]. 
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Brusa et al. [109] Investigated the mechanical performance of an additively-manufactured 
bracket made from Ti-6Al-4V for aviation applications; and they modelled it numerically. 
The study was motivated by the limited current state of knowledge in predicting the 
resulting mechanical properties of new parts designed by additive manufacturing 
technologies. The current available literature reveals that additively-manufactured parts 
are commonly tainted by anisotropy, resulting in reduced ductility in certain areas and 
defects. 
This occurs despite process-control efforts in optimising the manufacturing process 
parameters. The modelled aerospace bracket was structurally complex and recreated 
through optimising the geometry, topologically. The physical bracket was analysed 
through tomography; and the results were used to design a corresponding model 
possessing the material properties, while considering the identified regions of low density 
with numerous defects. The material of the model designed was isotropic and 
homogeneous. This approach might have had limitations; but it was probed by conducting 
an activity for testing, as well as an examination to validate the model developed 
numerically [109]. 
Modelling in static design revealed that the numerical modelling approach enabled good 
strength predictability of the bracket, based on the isotropic and the homogeneity material 
assumptions. Moreover, characterising the material empirically also enabled bracket 
strength predictability in the design against fatigue. A few preceding tests were conducted 
on the actual bracket; and these served as the basis used to measure and evaluate the 
optimisation methodology developed. The strength and toughness of the tensile and 
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fracture, respectively, were compared to the wrought material of Ti-6Al-4V; and it was 
deduced that the application of design criteria was a good consideration [109]. 
The behavioural pattern of the static and fatigue designs was different for Electron Beam 
Melting (EBM) and Selective Laser Melting (SLM) additive manufacturing processes as 
the structure was influenced by the conditions of the loads applied. However, the defects 
that were generated internally and the finish of the surface was where the differences 
were identified. Assurance of porosity through preceded identification, using material 
tomography enabled the continuous validity of conventional test methodology that 
included the fatigue and tensile values [109]. 
The concentration of porosity in the material was detected through tensile testing; but this 
limited the use of the properties obtained macroscopically in the modelling approach. It 
was theorised that the way the internal porosities were distributed influenced the 
predictability of the fatigue performance of the material. There were a few vital concerns 
regarding the bolted joints of the bracket layout; but the results showed that it possessed 
great strength when supported by the preceding test results [109].  
 
Tseng and Li [110] numerically investigated the intricacies of the molten-pool evolution of 
reinforcement powder particles composed of Ti-6Al-4V alloy, and created by the Selective 
Laser-Melting (SLM) process. The processing parameters considered were the laser 
intensity at 175W and the laser scanning rate at 850, 1250 and 1650mm/s. The numerical 
computational process comprised a two-dimensional domain, which was converted from 
the actual three-dimensional domain by the implementation of a periodic-maximum-
power-varying laser source of great effectiveness onto a representational cross-section.  
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In the absence of the “balling-effect” and the Plateau-Rayleigh instability (the splitting of 
a fluid into different streams with the same volume but a reduction in the surface area), 
this investigative procedure was ideal; as it enabled significant process simplification; and 
it was in good agreement with the pragmatic test results obtained. The numerical 
investigation ascertained the surface tension, the recoil pressure and the Marangoni 
thermal-capillary force in the SLM process. The results revealed that the Marangoni 
thermal-capillary force prevailed at the laser scanning rate of 1250mm/s between the 
initial intervals of t = 0μs to t = 62.1μs. Moreover, the observations showed that its 
dominance was seen to have drawn the molten pool at the interface of the intense laser 
impact towards the reinforcement powders along the sides, which had enhanced the 
wetting [110]. 
The results showed that the recoil force was induced in the process, due to the 
evaporation, which was caused by the build-up of laser energies. The molten pool was 
locally suppressed; and this was in consequence of the thermal capillary and the internal 
recoil forces. The defects and the increased surface roughness were influenced by the 
thermal capillary force and the recoil pressure. Moreover, during the additive 
manufacturing process, these were the two forces that dominated the unstable flow of the 
molten pool. The Marangoni force had caused the molten pool to flow at a fast rate of 4-
8m/s over the interface. The results showed that the thermal capillary force of the 
Marangoni effect had rapidly increased the width size of the molten pool; and it had 
improved the heat transfer from the region of high laser concentration towards the lateral 
reinforcement powders [110]. 
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The thermal capillary force had lost some degree of vitality during the second stage at t 
= 62.1μs to t = 320μs; because prior to that period, it was affected by the cold temperature 
of the substrate during its flow. At this point, it was when the surface tension had induced 
the capillary forces, which dominated the interface curvature and the morphology of the 
molten pool. The concave curvature and the local molten pool suppression were reduced 
by the dominance of the capillary force. This was achieved by the molten pool being 
circulatory oscillated; and it caused a directional change prior to the completion of the re-
solidification. The directional sign changes caused an overshoot in the interfacial 
curvatures at this period [110]. 
These results were not only validated empirically; but they also proved that the 
complexities of interface between the molten pool dynamics and the heat transfer are of 
importance; and they should be modelled effectively. The numerical investigation 
provided clarification as to where the generated porosity – the trapped pores – had 
permanently situated themselves in the molten pool; and in turn, they had substantial 
effects in the in the prediction of the overall resulting molten-pool size and shape. The 
investigation of the process was carried out analytically with the equations of momentum, 
energy and continuity. Moreover, the dynamics of the selective laser-melting process 
during the evolution of the molten pool and the generated interfacial heat transfer were 
analytically approached, by using the transport equation in terms of the volume fraction. 
The numerical approach provided results, which could be used as a basis for the detailed 
designing of the process, since it provided a microscopic perspective on the 
comprehension of the molten-pool morphology and the wetting [110]. 
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Zhang et al. [111] developed a model to predict the temperature-history field and the 
metallurgical evolution that occurs in the solidification process of the metal during the 
single and successive depositions of Ti-6Al-4V alloy by employing the Direct Metal 
Deposition process. The simulation model developed was through the Finite Element (FE) 
methodology, coupled with the Cellular Automation (CA). The temperature simulated was 
presented as a coarse scale from the developed finite-element model; and the cellular 
automation model was scaled with the field of predicted temperature by an algorithm 
which was interpolated.  
The high rate of cooling was simulated; and the transient thermal field was updated, which 
was achieved through macroscopic finite element computation. As the deposited material 
was cooling down and solidifying, the metallurgical grain evolution was predicted by the 
finite element-cellular automation model. Microscopically, the cellular automation model 
enabled the study of nucleation, the orientation of growth and the crystallography, as well 
as the  growth of the dendrite grains. The proportionality between the rate at which the 
grains grew and the under-cooling was established by the cellular-automation model and 
all the adjacent cells trapped were also revealed by the model. The deposition of a single 
layer of material resulted in the microstructure consisting of grains, which were equiaxed 
in structure; and for the simulation, the grains were columnar after a deposition of 25 
layers [111]. 
The highest region on the cladded material was where the larger grains had grown. This 
corresponded with the results obtained microscopically. The empirical tests confirmed the 
morphology of the grains generated. The predictions of the temperature fields and the 
grain evolution were reasonable; and they proved that the Finite Element, coupled with 
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the Cellular Automation model developed, was a valid method for direct metal deposition 
[111]. 
 
Ahmadi et al. [112] Investigated the influence that the treatment of transus-heat and 
pressure (Hot Isostatic), sandblasting and etching had on the metallurgical evolution, the 
morphology of the modified surface, as well as the mechanical and fatigue performances 
of the titanium metallic metabiomaterials, which were produced by the Selective Laser 
Melting (SLM) process. The incentive of using multiple-post processes was to improve 
the fatigue performance of the metabiomaterials produced. The metallurgical modification 
of the as-deposited Ti-6Al-4 specimens was required, because of the fine martensitic 
primary alpha structure identified in the microstructure of the titanium alloy, which is not 
conducive for the conditions of various loads. 
The observations had revealed that the endurance of the metallic metabiomaterials had 
improved twice as much, when the as-deposited materials were subjected to surface 
modification by sandblasting and metallurgical redesign by Hot-Isostatic Pressing. The 
results revealed that the method of laser-pulsed vector showed no growth of grains. 
Preferentially, it behaved more isotopically than with the conventional STL laser-
continuous method. Sudden failures in the specimens occurred, as a result of the 
generated internal porosity and the stresses applied residually. These factors had 
promoted the initiation of cracks, which prevailed throughout the specimens [112]. 
The microstructural evolution was the main contributor to the phenomenon. 
Microstructural analysis revealed that there was a transformation into a matrix of alpha 
and beta phases, which were highly ductile, and a reduction of manufacturing defects in 
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attribution to the Hot Isostatic Pressed treatment. It was observed that there the fatigue 
performance was not improved, as well as its endurance ability, when the specimens 
were subjected to the two conditions of transus heat treatment. An improvement was 
observed, only when the specimens were subjected to the combination of heat treatment 
and Hot Isostatic Pressing [112]. 
It was found that the metabiomaterial fatigue life had improved significantly, due to the 
removal of the incompletely fused material particles and the stress induced compressively 
on the surface of the structs, when the specimens were sand-blasted. The conventional 
method of manufacturing components three-dimensionally was not efficacious; and so, 
the post-processing techniques used had to be tailored to transform the martensitic 
primary alpha structure of the as-deposited specimens. The ability of the specimens to 
tolerate fracture was improved by the sequential combination of HIP, sandblasting and 
etching, which also promoted an organic reaction [112]. 
 
Oyelola et al. [113] studied and reported the behaviour in which Titanium alloy Ti-6Al-4V 
specimens were machined and the integrity of the surface. The specimens were 
fabricated by the Direct Laser Metal Deposition (DLMD) process, utilising a wire of raw 
material. The study was carried out to further investigate the effects that the machine 
tools (with two different inserts) had on the as-deposits, at constant machining conditions. 
The current state of the technologies of the AM laser processes has a few elemental 
limitations that are being addressed, such as the requirement for most additively-
manufactured as-deposits to be machined for desirable results. The specimens had 
adverse effects on the integrity of the surface, as well as their ability to be machined, due 
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to the solidification process, which had occurred at rates that were not uniform and the 
defects, which were generated. 
The surface of the specimens was analysed; and it was found that the dominant stresses 
were compressive; and they were induced laterally to the circumference of the surface. 
The machining tool, which was coated, induced compressive stresses that were 
significantly higher than the tool inserts with no coating, at a ratio that was higher as well. 
The proposition was that to optimise the machining operation on the as-deposits, the 
requirement of the cutting force and the inner conditions of the specimens had to be 
related to the input process by employing a control system. This was proposed, as the 
solution to machining specimens, which had components that were spread randomly; and 
laser-cladded components that were functionally graded [113]. 
  
Xu et al. [114] conducted a study to investigate the significant effects that gum-metal (Ti-
36Nb-2Ta-3Zr-0.3O) reinforcement powder had on Titanium alloy Ti-6Al-4V substrates 
when deposited onto the material with direct laser. Only two coatings were applied, which 
were analysed on the basis of the metallurgical evolution, corrosion performance and the 
tensile performance. The results obtained from the Energy Dispersive Spectroscopy 
(EDS) revealed that on the second coated layer the toxic elements (Aluminium and 
Vanadium) were eradicated from the substrate material, which proved to show that the 
surface modification of Ti-6Al-4V with the gum-metal does provide an improvement of the 
performance. Based on the results obtained, observations revealed that the second gum-
metal coating had an elastic modulus which was low, in attribution to the single columnar 
beta phase, which was oriented independently. 
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The first cladded coating had martensitic secondary alpha that was prevalent in the layer. 
Moreover, the elastic modulus at the second coated layer was measured to be 75 GPa, 
which had been reduced by 40% from that of the substrate; and this was revealed from 
the test results conducted through the Nano-indentation. The corrosion performance of 
the laser deposited gum-metal coated substrate, in Sodium Chloride (NaCl) at 3.5 wt.%, 
had improved; and this was revealed by conducting electro-chemical tests. This 
phenomenon was achieved because of the promotion of the beta phase in the cladded 
layer. The study proved that titanium alloys may be biocompatible through the 
improvement provided by coating the material through direct-laser processing. Moreover, 
depositing gum-metal powder through direct laser processing onto Ti-6Al-4V alloy is a 
confident methodology in biomedical applications, because of its ability to integrate the  
beneficial characteristics of the material [114]. 
 
Mishra et al. [115] Investigated the machinability performance of Titanium Ti-6Al-4V alloy 
by using machining tools, which were textured and texture-coated. The work focused on 
comprehending the efficacy of these machining tools by conducting empirical and 
numerical modelling (Finite Element) methodology. Nd:YAG Laser fibre (nano-seconded) 
equipment was used to produce the textured (chevron) cutting tools and the subsequent 
TiAlN coating applied, by using the Physical Vapour-Deposition process. The two-
dimensional numerical simulations utilised textured and textured-coated cutting tools, in 
comparison with the effects of using standard and standard-coated tools by the turning 
process. 
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The simulations pertained to the influence of the machining speed, the radius of the tool 
edge, the tool-feed and the applied coating. The numerical modelling results were 
confirmed by the empirical tests, which were conducted with the coated and non-coated 
textured-cutting tools, based on their efficacy regarding the average coefficient of friction, 
the contact length of the tool chip, the requisite machining forces, the performance of how 
the chips disentangled, and the induced adhesive stresses that sheared between the 
coatings and the substrate [115]. 
The numerical modelling results pertaining to the length of contact, required thrusting 
force; and the machining force correlated well with the empirical test results. The other 
numerical simulation aspect, which was validated by the empirical tests was that of 
applying different cutting speeds for “Interface Multipoint Micro-cutting.” The length of 
contact, the low curl radius of the chip, the machining force and the coefficient of friction 
were reduced, when the textured-cutting tool coated with TiAlN was used, compared with 
the alternative tools that were developed. The coated-textured cutting tools operated at 
changeable feeds, which reduced the primary machining force by 9.6-10.7% and 17-
19.5% in comparison with the standard cutting tools that were not coated [115]. 
The effectiveness of the textured and the texture-coated cutting tools had Improved, as 
the feed was increased, thereby increasing the length of contact. It was observed that the 
textured and the coated-textured cutting tools had a reduction in the contact length of the 
tool chip, in contrast to those of the standard cutting tools. The combination of texturing 
and coating the cutting tools caused the significant decrease in the length of contact of 
the cutting tools by more than 30%. The variation in the length of contact of the textured-
cutting tools is incapable of being predicted in machining by the models that are 
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theoretically available. However, the varying machining forces may be predicted for 
textured-cutting tools by simulating the length of contact of the tool chip [115]. 
The observations showed that the chips formed from machining the surface were 
disentangled, when the textured and the coated-textured cutting tools were used; and 
they provided a better finish to the surface than the use of standard non-coated cutting 
tools. In addition, the decrease in the lower curl radius of the chip of the coated-textured 
cutting tools allowed the created chips to flow smoothly. The rake face and the flank 
experienced a reduction in the peak shear stress for the coated-textured cutting tools, 
shown by the numerically modelled results. The cutting tools that were coated, had less 
likelihood of experiencing coating failure during the operation, because of mechanical 
interlocking. Consequently, the reduction of the shear stresses in textured-coated cutting 
tools can be attributed to the reduction of the substrate to fracture and the failure of the 
coating of the cutting-tools. The high machining feed and speed used in operation with 
the textured-coated cutting tool had improved the performance in machinability of the Ti-
6Al-4V [115]. 
 
Seo and Shim [116] investigated the effects that track spacing had on the fabricated 
metallic materials, which were induced with cell pores that were open and closed. The 
Laser Melting Deposition process was employed to create the metallic materials with 
porosity. The metallic powder used was Ti-6Al-4V alloy, coupled with a foaming agent, 
known as TiH2, which created the two types of pores in the material. The phenomenon in 
which the metallic foams were created was attributed to the high-power laser, which was 
used in the process to fuse and deposit the powder mixture, as it was being sprayed. 
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The analysis carried out focused on the significant effects that the variously spaced tracks 
had on the characteristics of the foams formed, on the dimensions, and on the distribution 
of the pores created. The track spacing was the main deposition process parameter, but 
other parameters were considered and investigated as well, which included the rate at 
which the powder was fed, the content of the foam agent, and the intensity of the laser 
used. The foaming agent used created the pores, when the deposited track beads had a 
much larger width than the spacing of the tracks [116]. 
The molten pool of metal varied, according to the varying spacing of the tracks created, 
which was consequent to the open-cell porosity that was promoted within the tracks. 
Therefore, the observations confirmed that in controlling the generation of pores, the 
spacing of the tracks needed to be controlled. In addition, numerous open-cell defects 
were generated, which moderately increased the spacing between the tracks, because 
of the molten pool surface tension that was created. Although, it was observed that 
increasing the track spacing more led to a reduction in open-cell defect generation, due 
to the empty pockets being filled entirely by the flow of the metallic molten pool [116]. 
The results revealed that the porosity generation was contingent to the rate of the 
solidification process of the metallic molten pool; because more porosity was generated, 
as the rate at which the powder mixture was increased; and this reduced the laser 
intensity. The closed cell defects were identified by the processing parameters, which 
were considered (the laser intensity and rate of the powder feed), the content of the 
foaming agent, and the way in which the oriented tracks overlapped each other. The 
molten pool cooled at a very slow rate, because the adjacent distance between the 
deposited tracks was small; and due to this, the TiH2 foaming agent in the reinforcement 
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powder-emitted gas that decomposed continuously, before the solidification process was 
complete. More thermal energy was generated and retained; and as the adjacent 
deposited tracks were made smaller, it was also observed that this could be the cause of 
the increase of porosity in the porous metal material. It may be deduced, based on the 
results, that the respective deposition processing parameters influenced the amount of 
porosity, their distribution, shape, size and the tensile performance of the porous metallic 
material that was fabricated [116]. 
The radical intuition is that the desired metal-foam defects could be achieved by 
optimising the processing parameter values, in accordance with the porosity type that 
was being generated. Moreover, in applying a foaming agent, in combination with the 
metallic reinforcement powder, and by controlling the spacing, in which the tracks were 
deposited, is consequential to the generation of open- and closed-cell porosity in the 
fabricated metallic material. The main future recommendation of the study is to investigate 
the tensile performance of the fabricated porous metallic material, as the processing 
parameters are individually controlled [116]. 
 
Tan et al. [117] in their study, investigated the effects that Ti-6Al-4V alloy coating 
thickness had on the metallurgical evolution, the tensile performance and the fracture 
performance, when cold-sprayed onto Ti-6A-4V substrates. This is a new state of 
technology for coating substrates, by spraying them with the reinforcement powder, 
without the need to heat it, in order to create a bond. This new technological method of 
using cold spraying to create coatings on materials has supposedly the capability to repair 
worn-out parts that are made from Ti-6Al-4V and other metal alloys that are light-weight. 
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The components that are subject to damage, due to corrosion or wear, require coatings 
of varied in thickness with high quality, in order to be repaired by Ti-6Al-4V alloy. 
Consequently, this study addressed the matter by coating the Ti-6Al-4V substrates with 
varying thicknesses. The analysis revealed that, as the subsequent coating layers were 
deposited, the metallurgy and the tensile performance of the Ti-6Al-4V coating, such as 
the level of defects, strong adhesion and high microhardness, were retained. This renders 
it a promising repair process in applicable industries [117]. 
The tensile test used was the glueless method, which ascertained the strength of the 
bond at the interface. Observations showed that the thin coated layers were able to 
sustain higher points of concentrated stress than the more thickly coated layers, when 
the flexure characteristics were investigated. A 2.7-3% level of defects was found in the 
Ti-6Al-4V coatings at each cross-section. Due to the plastic deformation, the shear 
adiabatic instability bonds were created in the particles that were sprayed. There was no 
severe change in the thickness across the coating, as they were analysed on the cross-
section morphology of the surface and the microstructure [117]. 
However, as the subsequent coatings layers were deposited, the roughness of the 
surface had a 0.1% increase, as the coating thickness increased. The Ti-6Al-4V particles 
were work-hardened when cold-sprayed; and this caused the coatings to have a much 
higher microhardness than the average value of 370 HV0.3 in both the Ti-6Al-4V 
reinforcement powder and the substrate itself. The bond strength was found to be higher 
than 65 MPa at the coalesced surface of the coatings and in the substrates that fractured 
along the adhesive glue. However, the bond strength at the interface was found to reach 
as high as 90 MPa, when the tensile test was employed by using the glueless method. It 
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was observed that the coatings delaminated off the substrate surface; and there was 
failure at the interparticle, as the thickness of the coating had increased, resulting in the 
reduction of the flexure strength of the coating [117]. 
The fracture investigation conducted revealed that the fractured coalesced surface had 
brittle and local ductile fractures when compared with the pull-out method of facture 
testing. Within the splats – the areas of material jetting – is where the bonding occurred; 
and this was the region where the ductile fracture points were observed; whereas the 
bonding at the south pole to the splat is where the brittle mode of fractures was observed 
[117]. 
 
Rotella et al. [118] Investigated the effects that the turning machine process had on the 
surface engineering of conventionally wrought and additively-manufactured Ti-6Al-4V 
alloy parts. The Titanium alloy materials, which were additively-manufactured, included 
Direct Metal Laser Sintering (DMLS) and the Electron Beam Melting (EBM) processes. 
The modifications of the microstructure, the nano-hardness and the layers, which were 
deformed plastically were investigated, in order to ascertain the degree to which the 
integrity of the material surface and machinability had been affected by the production 
processes used. 
Analyses were conducted on the chemical, mechanical and the morphological aspects of 
the fabricated materials before and after machining. The analysis revealed that the 
fabrication processes used had affected the integrity of the surface for all the completed 
parts. The materials that were fabricated by the different production processes and 
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machining operations might have all had the same Ti-6Al-4V material alloy; but they were 
all different in terms of their metallurgical characteristics and tensile properties [118]. 
The observations made on the roughness of the surfaces revealed that the wrought parts 
had a much better quality than the components, which were produced by the additive-
manufacturing processes. The performance of the additively-manufactured parts was 
different in terms of  how the size of the layer was affected and the anisotropy in the 
hardness at the surface and in the underlying layers. The results revealed that the 
processing parameters used for the turning operations were optimised for the wrought 
part; but special attention was still needed to optimise the machining parameters for the 
parts that were additively-manufactured [118]. 
The surface of the additively-manufactured parts was the least susceptible to fret initiation 
of fatigue than that of the wrought parts due to the varying hardness values, which were 
achieved on the surface of the additively-manufactured parts after machining. The 
technique used to fabricate the parts is that which was needed to bring the processing 
parameters of the turning operation into optimisation. The general trend observed for all 
the parts fabricated was that, as the turning speed was increased, it increased the 
material hardness; and it reduced the roughness on the surface. However, despite this, it 
was of great importance to still ascertain the number of changes that had resulted from 
the parameters of the turning process. Although the metallurgical composition of the 
fabricated parts was retained, the manufacturing techniques used, such as the wrought 
process, the Electron Beam Melting and the Direct Metal Laser Sintering influenced the 
degree to which the metallurgical, mechanical and topographical properties were affected 
by the turning-operation process [118].  
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Mahamood and Akinlabi [119] carried out a study that investigated the effects that Laser 
Metal Deposition (LMD) processing parameters have on the hardness behaviour of 
Titanium alloy Ti-6Al-4V parts additively-manufactured by the LMD process. The design 
of the empirical statistical method, using complete factorials, was devised and used to 
characterise the significant effects that the LMD processing parameters had on the 
resulting hardness performance. The reinforcement powder used was a Titanium Ti-6Al-
4V grade 5 alloy, which was deposited on the substrate of the same chemical 
composition. The process parameters that were considered included the speed at which 
the laser was scanned, the laser intensity, the rate at which the gas flowed, and the rate 
at which the powder was deposited on the substrate. 
The set parameters of the LMD process had their primary effects during the process, as 
well as the potential effects when they interacted; and so, these methods were vital to 
quantify, and in the design of experimental methodology employed that had the capability 
to measure these effects. The hardness analysis was carried out for each specimen 
produced; and the procedure that was followed pertained to varying the parameter values 
between minimum and maximum intervals, resulting in the totality of 16 empirical tests. 
The results revealed that when the laser-processing speed, and the rate at which the 
powder was deposited had increased, the hardness of the material had improved. 
However, as the laser intensity was increased, the hardness property started to reduce. 
In the case of the rate of gas supplied, the variation of this parameter had no significant 
effect on the hardness performance of the specimens, as it only decreased minimally 
[119].  
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2.5 Summary 
This chapter of the investigation has provided a brief study of the additive-manufacturing 
topic, including its technological processes and importance in industrial applications. 
Titanium and its alloys were also briefly studied, in order to understand the nature and 
the material properties of the material applicable to additive manufacturing. The current 
state of knowledge provided by the research works of authors was reviewed in detail, to 
understand and lay the fundamental foundations related to this topic of investigation. 
Based on the literature reviewed, it is lucid that many processing parameters were tested 
through the trial-and-error method to understand the interaction between the laser and 
the materials, which influenced the quality of the results. This was necessary because it 
produced results which varied in mechanical and metallurgical properties. This made the 
selection of optimum processing parameters reliable and unambiguous. This study is 
significant because It contributes to this area of knowledge and proposes rational 
experimental methodologies for more reliable and accurate results. There is paucity in 
the study of Direct Laser Metal Deposition of Ti-6Al-4V with Ti-Al-Si-Cu hybrid powders. 
This study Intends to address this gap in the knowledge of the available literature by 
manufacturing composite coatings that will be viable and feasible in various industrial 
applications. 
The next chapter will provide the experimental design tailored to achieving the research 
aim and the objectives of this investigation. 
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CHAPTER 3: EXPERIMENTAL DESIGN 
3.1 Introduction 
This chapter presents the experimental design needed to conduct this investigation. The 
equipment, the materials, the procedures of the laser cladding, and what is required for 
the characterization of the coatings, are described. The previous chapter delved into the 
current state of the literature relating to the research investigation. This chapter 
comprehensively entails all the relevant and rational procedures empirically implemented, 
in order to investigate the research problem. The validity and the reliability of the obtained 
results are influenced and affected by the quality and the logic presented in this section. 
The empirical procedures are tailored to meet the aim and to resolve the objectives of the 
research, which is to investigate the influence of molten-pool behaviour on the 
microstructure and the characteristics of Additive Manufactured Titanium Alloy (Ti-6Al-
4V) that is hybrid-coated with Ti-Al-Si-Cu by the Direct Laser-Metal Deposition (DLMD) 
technique. 
3.2 Experimental Set-up 
Twelve Titanium alloy grade 5 (Ti-6Al-4V) plates were used as substrates that had 
volumetric dimensions of 72 x 72 x 5 mm3. Prior to coating the materials, the substrates 
were sandblasted to remove any traces of dirt and other impurities. The residue of sand 
on the materials was washed with water, cleaned with acetone, and then air-dried to 
facilitate absorption and less reflection of the laser beam, which was directed onto the 
surface. The coatings were prepared at the National Laser Centre – the Council of 
Scientific and Industrial Research (NLC-CSIR). The Laser Metal Deposition process was 
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conducted using a 2kW (CW) Ytterbium Laser System (YLS-2000-TR) machine, which 
delivered the reinforcement powder into the created molten pool through a concentric 
nozzle, shielded and carried by Argon gas. 
The Kuka robot was used in the operation, together with the laser. The particle sizes of 
the spherical reinforcement powders ranged between 50-150 μm. The reinforcement 
powder used to create the coats comprised a ratio distribution of Ti-Al-Si-Cu, presented 
in the experimental matrix (Table 3.1). 
The processing parameters of variation during the LMD process were identified as the 
laser power and the laser-scanning speed, which were varied (presented in Table 3.1) 
and the constant parameters are presented in Table 3.2.  Table 3.1 presents the 
experimental matrix of the variant and the invariant processing parameters that was used 
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Table 3.2 provides the processing parameters, which were kept constant during the 
DLMD process of all the specimens. 
Table 3.2 Constant Processing Parameters 
DLMD Constant Processing Parameters 
Powder Flow Rate (g/min) 2.0 
Gas Flow Rate (l/min) 2.5 
Gas Argon 
Beam Diameter/Spot Size (mm) 2 
Nozzle Standoff Distance (mm) 3 
Number of Tracks 10 
Track Length (mm) 65 
Number of Tracks 10 
% Overlap 70% 
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The composition of the reinforcement powder and the processing parameters presented 
in Table 3.1, were employed with the LMD machine to create deposits with a measured 







3.3 Preparation of the Metallographic Specimens 
3.3.1 Cutting 
The twelve unique deposits were sectioned into five parts; four of the parts were 
dimensioned as 10 x 10 mm x 5 mm; and they were used for the Optical Microscopy 
(OM), the Scanning Electron Microscope (SEM), the Microhardness and the X-ray 
Diffraction, as well as the Corrosion. The deposits were sectioned at the Metal’s Centre 
by employing an OMAX 5500 waterjet machine. Figure 3.2 presents the sectioning of a 
single deposit. 
Figure 3.1: DLMD Deposit 









The sectioned deposits that were used for SEM, OPM and the Microhardness testing 
were secured in a resin by a hot mounting process, by using the Struers hot-mounting 



















Figure 3.3: Mounting Press Machine 
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3.3.2.1 Apparatus 
The following list of apparatus was used to secure the specimens in resin by hot mounting. 
I. Specimens. 
II. Mounting Press Machine. 
III. Polyfast. 
IV. Water. 
V. Measuring spoon. 
3.3.2.2 Procedure 
The following procedure is prescribed to hot mount the specimens: 
1. Supply water to the machine. 
2. Set the input processing time parameters of the machine, as presented in Table 
3.3. 
Table 3.3: Polyfast Resin Processing Times 
Polyfast Resin Processing Times 
Quantity (ml) 20 
Heating Time (min) 3.5 
Temperature ( ْC) 180 
Pressure (bar) 250 
Cooling Time (min) 1.5 
Rate High 
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3. Place the surface of interest face-down on the mounting platform. 
4. Insert two scoops of Polyfast resin. 
5. Wait for the completion of the processing times. 
6. Perform the operation for all the SEM, OPM and the Microhardness specimens. 
3.3.3 Grinding and Polishing 
The mounted samples followed a grinding and polishing process by using the Struers 
Polishing Machine, presented In Figure 3.4, which assisted in the removal of resin that 
covered the surface of interest. The processes rendered the surface reflective and plane, 
that was required to carry out the desired material-characterisation tests.  
The following steps illustrate the process followed to grind and polish the mounted 
samples. The samples were subjected to a two-grinding step process, followed by a 
single final polishing process. Titanium Is being a non-ferrous metal, that Is very ductile; 
therefore, the by-product of excessive grinding and polishing produces irregular scratches 
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Table 3.4: Metallographic Preparation of LMD Ti-6Al-4V 
 Grinding Polishing 
Surface Paper Paper MD-Chem 
Abrasive 
Type SiC SiC Colloidal Silica 
Size #320 #1200 0.04μm 
Suspension/Lubricant 
Water Water 100ml OP-S + 
30ml 30% H2O2 
RPM 300 300 150 
Force 25 25 30 
Time 5 5 5 
 
Once the surface was highly reflective and white, without any black dots, when observed 
under the microscope, the samples were considered to be ready for further material 
characterisation. The process was conducted on the basis of the ASTM E3 - 11 standard. 
Figure 3.4 graphically presents the Struers Polishing Machine that was used for both the 
grinding and the polishing processes. 









Immediately after completing the polishing of the samples, they were etched in Kroll’s 
reagent for 15 seconds, and then rinsed with water. The samples were etched, in order 
to reveal the microstructural features in detail, such as the grain boundaries and their 
sizes, the different phases present in the deposit, the heat-affected zone and the 
substrate. The chemical concentration of the etchant is as follows: 
I. 92ml Deionised Water. 
II. 2ml Hydrofluoric Acid. 
III. 6ml Nitric Acid 
 
 
Figure 3.4: Struers Polishing Machine 
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3.4 Material Characterisation Tests 
This section provides the empirical tests and the procedure that was followed to 
characterise the sample materials. The empirical tests conducted were: The Vickers 
Microhardness, Optical Microscopy (OPM), the Scanning Electron Microscope (SEM) 
analysis, X-Ray Diffraction (XRD), as well as a Corrosion test. 
3.4.1 Microhardness Test 
The hardness values of the samples were computed for the three major zones on the 
samples; the deposit, the heat-affected zone and the substrate. The incentive was to 
measure the variation in the hardness (the resistance to deformation) of the material, from 
the deposit towards the substrate, when subjected to a uniform load under a specified 
dwelling time of 15 seconds. The Vickers Microhardness Tester was employed for the 
test and Table 3.5 provides the surface of interest of the sample on which the test was 
conducted, as well as the value of the controlled loads applied. The test was conducted, 
according to the ASTM E384-17 standard. 
 
Table 3.5: Microhardness Matrix 
Surface of Interest Cross-section 
Test Force N(gf) 4.9(500) 
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The diamond indenter of the machine was used to place six indentations across the cross-
section of all the samples. The depiction of the indentations across the cross-section is 








The microhardness of each indentation was computed by measuring the length of the two 
diagonals of a single diamond-indent - D1 and D2. The mean diagonal diameter was 












     (3.1) 
Where,  
F = Force N(gf) 




Figure 3.5: Indentations Across Cross-Section 
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The cross-sectional microstructure of the LMD samples were observed by employing an 
optical microscope and the Scanning electron microscope. The purpose was to view the 
microstructural composition and the morphology of the material, after the laser coating. 
3.4.2.1 Optical Microscopy 
The BX51M Olympus microscope was used to observe and intuitively study the resulting 
microstructural features (phase and morphology) of each LMD sample, as well as an 
unprocessed substrate for the baseline data. The microstructural examination was 
conducted under low and high magnifications. The optical microscopy was based on the 
ASTM E2228 - 10 standard. Figure 3.7 presents the microscope, that was employed. 
Figure 3.6: Vickers Micro-hardness Tester 










3.4.2.2 Scanning Electron Microscope Analysis 
The SEM analysis provided much higher magnifications of the resulting microstructure 
and the morphology of the LMD samples. The TESCAN machine, together with an X-
MAX instrument was used, in combination, to perform the analysis. The observations 
were processed by using the VEGA-TC computer program. The analysis provided the 
Electron Dispersive Spectroscopy (EDS) of the samples, by using the INCA-point ID 
computer software to measure the elemental weight and the molecular weight of the 
material, as percentages. The analysis was conducted, based on ASTM E766 – 14e1, 
E986 – 04 and E1508 – 12a standards. Figure 3.8 presents the SEM set-up. 
Figure 3.7: BX51M Olympus Microscope 









3.4.3 X-Ray Diffraction 
The elements and resulting intermetallic compounds, which comprised the composition 
of the coatings was ascertained by determining the diffraction patterns produced, when 
x-rays were diffracted from the crystalline structures in the coating. Each crystalline 
substance produced its own, unique diffraction pattern, referred to as its own “fingerprint”. 






Figure 3.8: Scanning Electron Microscope 











The specimens used for corrosion were sectioned into 10 x 10 x 5 mm. Thereafter, on the 
surface opposite to the coating, a conducting wire was attached to the surface by applying 
epoxy glue (resin and hardener). The samples were tested for continuity and then 
embedded in acrylic cold mounting resin, otherwise identified as Struers’ ClaroCit powder 
and liquid. An electrolyte solution was prepared; and this was identified as Sodium 
Chloride (NaCl) concentrated at 3.5% in deionised water. The electrolyte was prepared 
to corrode the coating of the samples including the surface of the base sample material, 
in order to determine the corrosion rate and the resistance from the linear sweep 
voltammetry and the  input density, the surface area and the molecular weight of the LMD 
sample. The electrochemical set-up included a DY2300 Series Potentiostat, which had a 
Silver-Silver Chloride (Ag-AgCl) reference electrode, and a Platinum inert wire, as the 
Figure 3.9: Rigaku: Ultima IV, X-Ray Diffractometer 
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counter electrode. The third electrode used was the LMD samples, which served as the 
cathode in the set-up. Once the Open-Circuit Potential (OCP) for each sample was 
determined, a perturbation period of +/- 250 mV was used to compute the initial and the 
final potential difference from the OCP, at a scanning rate of 0.0002 mV. Figure 3.10 
presents the electrochemical set-up for the corrosion testing. The test was conducted, 











This chapter has provided the empirical procedures and the relevant equipment used in 
the application for comprehending the research problem. The scientific methodology of 
how the data were collected/generated and analysed was rational and precise. The 
chapter to follow encapsulates all the results obtained from the implemented empirical 
procedures. 
Figure 3.10: Electrochemical Corrosion Set-up 
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CHAPTER 4: RESULTS AND DISCUSSION 
4.1 Introduction 
The aerospace industry is usually considered as the first industrial technology and 
innovative materials systems industry, due to its advancement and piloting ways. The 
previous chapter provided the rational empirical methodologies needed to meet the stated 
aim and the objectives of this research. This chapter provides the results obtained and a 
critical analysis of the conducted experimental methodologies. The results pertain to the 
material characterisation of the DLMD specimens, which include the structural properties 
of the deposits, the microhardness profiling, OPM, SEM and EDS, XRD, and the corrosion 
analysis. 
4.2 Ti-6Al-4V Alloy (Parent Material) 
Figure 4.1 presents the optical micrograph of the Ti-6Al-4V Alloy used in this investigation 
as the parent material/substrate. The microstructure is at 50X magnification (50μm). The 
morphology clearly shows that the structure has equally distributed white and dark phase 
states, which are identified as the alpha (α) and the beta (β) grains. The grains appear to 
be refined in the direction of the hot-rolled process, which was used to fabricate the parent 
material. The rolling process introduced hot deformation, which led to the refining of the 
grains, as well as the direction thereof. There is an aggregate of these grains, appearing 
polycrystalline in nature. 
 
 











Figure 4.2 presents the SEM micrograph of the parent material (Ti-6Al4V alloy) that is 
used in the investigation. The magnification is at 5000X. The average grain size of the 







Figure 4.1: Optical Micrograph of Ti-6Al4V Alloy 
















The EDS graph presented as Figure 4.3 was conducted on the Ti-6Al-4V alloy to ascertain 
all the elements which comprise the parent material. This clearly shows that the parent 
material is enriched with high contents of titanium, in addition to aluminium and vanadium.  
 
Figure 4.2: SEM Micrograph of Ti-6Al-4V Alloy 
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. 
The Ti-6Al-4V alloy parent material is shown in Table 4.1 to have comprised rich 
elemental contents of Ti, Al and V. These elements are expected to be traced, either 
independently, or formed into intermetallic polycrystal phases in the XRD phase 
identification. 
Table 4.1: EDS Showing Elemental Composition of Ti-6Al-4V alloy 
Element Weight (%) Atomic (%) 
Titanium (Ti) 90.28 86.52 
Aluminium (Al) 5.91 86.52 
Vanadium (V) 3.81 3.43 
Totals 100 - 
 
Figure 4.3: EDS Graph of Ti-6Al-4V Alloy 
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4.3 Direct Laser Metal Deposition Analysis 
This section pertains to the Laser Energy Density (LED) and the Laser-Material 
Interaction Time (LMIT) of the DLMD process. The LED is computed to determine the 
magnitude of the processing energy (J/mm2) that is available to produce the maximum 
quantity of coating on the substrate during the process, which is dependent on the direct 
relation to the laser power and inversely proportional to the laser-scanning speed and the 
laser beam size. The LMIT is the time measured of the total track length over the laser-
scanning speed. 
 





P = Laser Intensity (kW) 
𝑣𝑠  = Laser Scanning Speed (m/min) 
𝐷𝐵 = Laser Beam Diameter = 2mm 
The LMIT is computed by using the following equation [29] : 
LMIT = 
Total Track Length (m)
Laser Scanning Speed (m/s)
 (4.2) 
 
Table 4.2 provides the LED and LMIT computations of the DLMD process for all the 
manufactured specimens. 
 
Page | 167  


















1 27 3.9 




1 30 3.9 




1 30 3.9 




1 27 3.9 




1 27 3.9 




1 30 3.9 
6B 1.2 25 3.25 
  
The total track length for all the specimens is 65mm. The tabulation illustrates that 
specimens produced at 900 W and 1.0 m/min have a LED of 27 J/mm2 and a LMIT of 
3.9s. At 900 W and 1.2 m/min the LED is 22.5 J/mm2 and the LMIT is 3.25s. The 
specimens produced at 1000W and 1.0 m/min have a LED of 30 J/mm2 and a LMIT of 
3.9s. At 1000W and 1.2 m/min the LED is 25 J/mm2 and a LMIT of 3.25s. Low laser power 
has insufficient energy to completely melt the substrate, as well as the deposited powders 
[121]. These values are per deposited track, so since there are 10 tracks deposited per 
specimen; It took approximately 39 seconds to complete a specimen at 1.0 m/min and 
32.5s at 1.2 m/min. 
As observed, by increasing the scanning speed at a constant power and beam diameter, 
reduces the LED available for the process. It is also observed that when the scanning 
speed is increased, the LMIT is reduced [121]. Schneider [120] postulated that when the 
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LED is higher than 100 J/mm2 and is still increased, then the dilution rate is also 
increased. Moreover, when the LED is too low, the resulting bond within the deposit and 
at the interface might be partially fused, or not fused at all. Hence, the overall quality of 
the deposit is influenced by the available LED. Increasing the scanning speed and/or the 
beam diameter would decrease the LED and LMIT, and vice-versa. 
4.4 Structural Properties of Deposits 
The deposit width, height, depth, HAZ height, dilution and volume, are presented in Table 
4.3. 




































1A 1 9.307 0.285 0.210 616.978 42.42 32.656 4.906 318.922
1B 1.2 9.136 0.226 0.142 597.252 38.59 40.425 2.556 166.118
2A 1 9.121 0.191 0.250 626.128 56.69 47.754 4.758 309.238
2B 1.2 9.112 0.164 0.247 617.540 60.10 55.561 4.274 277.782
3A 1 9.032 0.186 0.239 672.696 56.24 48.559 4.397 285.785
3B 1.2 8.236 0.160 0.228 636.964 58.76 51.475 3.762 244.512
4A 1 9.030 0.198 0.125 443.415 38.70 45.606 1.972 128.178
4B 1.2 9.020 0.174 0.104 424.990 37.41 51.839 1.436 93.366
5A 1 9.226 0.240 0.182 568.096 43.13 38.442 3.607 234.437
5B 1.2 9.054 0.216 0.171 439.132 44.19 41.917 3.085 200.542
6A 1 9.172 0.182 0.211 667.132 53.69 50.396 3.649 237.193
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4.4.1 Deposit Width  
Figure 4.4 and 4.5 graphically represent the relationship of the deposit width to the varying 
scan speeds, at 900W and 1000W laser power, respectively. 





























































Figure 4.5: Deposit Width At 1000W 
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The variation in the resulting width is consequential to varying the scanning speed: 1.0 
m/min initially, to 1.2 m/min for the manufacturing of all the specimens. The results 
indicate that the relationship between the scanning speed and the deposit width is as 
follows: increasing the scanning speed, reduces the width of the deposit. This occurred 
because increasing the scanning speed, reduces the interaction time between the laser 
and the material – as shown in the previous section 4.3 – the time is reduced from 3.9s 
to 3.25s, which holds true for both processing conditions at 900W and 1000W. 
 
These observations are substantiated by the work done by Erinosho et al. [122]. 
Moreover, the energy (J/mm2) input into the process, to melt the powder and substrate to 
form a metallurgical bond, is reduced with increasing scanning speed: from 27 J/mm2 to 
22.5 J/mm2 at 900W; and 30 J/mm2 to 25 J/mm2 at 1000W. Increasing the scanning speed 
allowed for less powder to be introduced into the process, which also formed a much 
narrower deposit width. At 900W, the deposit width reduced by 1.84%, 0.12% and 1.86% 
for the Ti-Al-11Si-5Cu, Ti-Al-12Si-2Cu and Ti-Al-13Si-6Cu specimens, respectively, at 
increasing laser scanning speeds. At 1000W, the deposit width reduced by 0.10%, 8.81% 
and 1.55% for the Ti-Al-9Si-3Cu, Ti-Al-7Si-1Cu and Ti-Al-7Si-4Cu specimens, 




Page | 171  
4.4.2 Deposit Height  
Figure 4.6 and 4.7 depict the variation in the manufactured deposit height at a constant 



































Figure 4.6: Deposit Height At 900W 
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For both laser power conditions, the results reveal that increasing the scan speed, 
reduces the height of the clad, which correlates with the work done by Erinosho et al. 
[122].  This resulted in the clad height being reduced by 20.70%, 12.12% and 10% from 
1.0 m/min to 1.2 m/min for the Ti-Al-11Si-5Cu, Ti-Al-12Si-2Cu and Ti-Al-13Si-6Cu 
specimens at 900W, respectively. 
 
At 1000W processing condition, the clad height had reduced by 14.14%, 13.98% and 
3.85% for the Ti-Al-9Si-3Cu, Ti-Al-7Si-1Cu and Ti-Al-7Si-4Cu specimens, respectively. 
This is consequential of the laser-material interaction time and the laser-energy density 




























Figure 4.7: Deposit height at 1000W 
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in section 4.3. Although across the two laser power settings, the wt.% of the elemental 
powders vary; it is observed that at the higher laser intensity of 1000W, the height of the 
coatings has reduced, when compared with the coatings manufactured at 900W. This 
observation corroborates with the observations of Erinosho and Akinlabi [123]. 
4.4.3 Deposit Depth 
Figure 4.8 and 4.9 present the variation in the depth of the manufactured deposit at 900W 
































Figure 4.8: Deposit Depth At 900W 
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At both laser-processing conditions, the scanning speed is varied from 1.0 m/min initially, 
to 1.2 m/min. The depth of the deposit pertains to the melting of the substrate surface to 
a receding depth, mixed with the reinforcement powders used in the DLMD process. This 
is determined by the size of the molten pool formed, which is attributed to the laser power 
and the scanning speed used. The results indicate that the Ti-Al-11Si-5Cu, Ti-Al-12Si-
2Cu and Ti-Al-13Si-6Cu specimens had a reduction in the deposit depth by 32.38%, 
16.8% and 6.04%, respectively at 900W, when the scanning speed is increased. The Ti-
Al-9Si-3Cu, Ti-Al-7Si-1Cu and Ti-Al-7Si-4Cu specimens at 1000W show a reduction in 
deposit depth by 1.20%, 4.60% and 5.21%, respectively as the laser-scanning speed is 


























Figure 4.9: Deposit Depth At 1000W 
Page | 175  
4.4.4 HAZ Height  
Figures 4.10 and 4.11 graphically represent the variation in the Heat-Affected Zone in all 
the manufactured specimens at 900W and 1000W, respectively, over varying scan 






























Figure 4.10: HAZ at 900W 
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The HAZ is the area of the substrate that undergoes morphological changes, as a result 
of the heat input introduced during the DLMD process. The size of the HAZ is measured 
from the end of the deposit depth, towards the substrate; and it terminates preceding the 
evident structural morphology of the untampered substrate. 
 
The results communicate that the specimens manufactured at 900W and 1000W, by 
increasing the scanning speed, reduces the overall size and length of the HAZ. This was 
also found by Erinosho et al. [122]. This phenomenon was also observed by Mahamood 
et al. [121], this occurs because increasing the scan speed allows for less laser-material 


























Figure 4.11: HAZ at 1000W 
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it terminates at a shorter distance than when the scanning speed is low. Moreover, the 
laser energy available for the DLMD process decreased, consequential to the reduced 
HAZ. The results show that the Ti-Al-11Si-5Cu, Ti-Al-12Si-2Cu and Ti-Al-13Si-6Cu 
specimens had a reduction in the HAZ height by 3.20%, 4.16% and 22.70%, respectively 
at 900W, when the scanning speed is increased. The Ti-Al-9Si-3Cu, Ti-Al-7Si-1Cu and 
Ti-Al-7Si-4Cu specimens at 1000W show a reduction in deposit depth by 1.37%, 5.31% 
and 7.37%, respectively as the laser-scanning speed is increased 
4.4.5 Dilution of Deposited Coatings 
The dilution quantifies the molten pool mixture of the melted substrate with the 
reinforcement powders added. This is measured by taking the ratio of the penetration 
depth of the clad to the combined penetration depth and clad height, as follows [124]: 





D = Penetration depth of deposit (m) 
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4.4.6 Aspect Ratio of the Deposited Coatings 
The aspect ratio is computed by taking the ratio of the deposit width to the deposit height; 
and it is expressed as follows [125]: 





W = Deposit width (m) 
H = Deposit height (m) 
Figures 4.12 and 4.13 provide the graphical results of the relationship of the dilution 
computed for all the specimens, manufactured at 900W and 1000W, respectively, as the 
scanning speed is increased.  
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Figures 4.14 and 4.15 show the results of the aspect ratio computed for the specimens 
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 Figure 4.14: Aspect Ratio At 900W 
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These two geometrical characteristics of the deposit varied in relation to the increasing 
scanning speeds. The results indicate that the specimens manufactured at 900W, had a 
decrease in dilution by 3.83%, 1.29% for Ti-Al-11Si-5Cu and Ti-Al-12Si-2Cu, respectively, 
when the scanning speed is increased. 
 
However, for Ti-Al-13Si-6Cu, there is an increase in the dilution by 1.06%, which can be 
attributed to the increase of the deposit area below the substrate, rather than above, 
which was also found by Gharehbaghi  [126]. At 1000W laser intensity, it is observed that 
the dilution in Ti-Al-9Si-3Cu and Ti-Al-7Si-1Cu increased with an increase in the scanning 
speed, by 3.41% and 2.52%, respectively. Ti-Al-7Si-4Cu decreased in dilution minimally 
by 0.36%. It is deducible that specimens that show a decrease in dilution, have a deposit 
area ratio, in which the above deposit area increased more in relation to the increase of 
the deposit area below, and vice versa, for the specimens that had increased in dilution. 
 
Gharehbaghi [126] also observed that increasing the laser power increases the dilution, 
which is also observed in the results of this study; since the dilutions of the samples 
manufactured at 1000W are all higher than the samples manufactured at 900W. This 
phenomenon occurred because more LED is available at 1000W, which facilitates in 
melting more of the substrate. 
 
The results clearly show that increasing the laser-scanning speed, increases the aspect 
ratio of the specimens for both of the laser-processing conditions – 900W and 1000W. 
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This relationship is observed in attribution to the clad height being reduced; as the scan 
speed is increased, as was elaborated on in the above results for the variations in the 
clad height. Moreover, the varying scanning speed influences the clad height more 
significantly than the clad width; hence, the significant increase in the aspect ratio [126]. 
 
The aspect ratio computations at 900W reveal the following: the Ti-Al-11Si-5Cu, Ti-Al-
12Si-2Cu and Ti-Al-13Si-6Cu specimens had increased in aspect ratio by 19.22%, 
12.02% and 8.29%, respectively. Ti-Al-9Si-3Cu, Ti-Al-7Si-1Cu and Ti-Al-7Si-4Cu 
processed at 1000W, increased in the aspect ratio by 14.05%, 5.66% and 2.33%, 
respectively. Since the specimens are overlapped in tracks; and all the aspect ratios are 
greater than five, the literature proposes that when it is as such, there should be no inter-
run porosity between the overlapped tracks [125]. The aspect ratio is higher at 1000W 
than at 900W [126]. 
 
4.4.7 Volume and Area of Deposited Coatings 
The cross-sectional area for each sample deposited and the volume, are computed, 
according to the work conducted by Erinosho et al. [127]. The computations show that 
there is a linear relationship between the area and the volume since the volume is 
dependent on the track length. As previously stated in the methodology, the track length 
for all the manufactured specimens is constant at 65mm per tack. The computations of 
the area and volume are conducted, according to the following formulae expressions;  
and the values are tabulated in Table 4.3: 
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𝐴𝑟𝑒𝑎 = 𝑅2 cos−1 (
𝑅 − 𝐻
𝑅
) − (𝑅 − 𝐻)√2𝑅𝐻 − 𝐻2 (4.5) 
 
𝑉𝑜𝑙𝑢𝑚𝑒 = 𝐿[𝑅2 cos−1 (
𝑅 − 𝐻
𝑅
) − (𝑅 − 𝐻)√2𝑅𝐻 − 𝐻2] (4.6) 
Figures 4.16 and 4.17 graphically represent the relationship of the volume influenced by 
the varying scan speed; at 900W and 1000W, respectively. 
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The results indicate that there is an inversely proportional relationship between the 
scanning speed and the volume of the overall deposit, i.e., the volume of the deposit is 
reduced when the scanning speed is increased. This phenomenon holds true for both the 
900W and 1000W laser-processing conditions. At 900W, Ti-Al-11Si-5Cu, Ti-Al-12Si-2Cu 
and Ti-Al-13Si-6Cu reduce in volume by 152.80 mm3, 34.812 mm3 and 33.90 mm3, 
respectively. 
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At 1000W, Ti-Al-9Si-3Cu, Ti-Al-7Si-1Cu and Ti-Al-7Si-4Cu reduced in volume by 31.456 
mm3, 41.273 mm3 and 22.185 mm3, respectively. Erinosho et al. [122] also proposed that 
low scanning speeds create more melt pool, which is in attribution of the larger area and 
the volume of the clad. It is also evident from the data and the figures that at 1000W, the 
area and volume are higher than at 900W; clearly indicating that at higher laser intensities, 
there is an increase in the area and in the volume of the molten pool and the solidified 
clad; because the laser and the material interaction times are longer, which melts more 
powder in the process. This correlates with the findings of Erinosho et al.  [128]. 
 
4.5 Microhardness and Ultimate Tensile Strength 
This section of the investigation will present the microhardness profiling for all the 
samples. The measurements were conducted by employing the Vickers Microhardness 
Tester. The area of interest is the cross-section of the samples. A loading force of 500g 
was applied from the top of the deposit towards the substrate, at a 15s dwell time. The 
average microhardness over the cross-section area (deposit, HAZ and substrate) is 
tabulated and represented graphically. The ultimate tensile strength (UTS) is computed 
for the samples with the best microhardness values.  
Tables 4.4 and 4.5 provide the average of the microhardness values measured across 
the cross-sectional area (i.e, the deposit, the HAZ and the substrate) of the samples, at 
a constant power of  900W and 1000W, respectively, at varying scan speeds: 1.0m/min 
to 1.2 m/min. 
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Table 4.4: Average Microhardness At 900W 
900W 






















5B 1.2 528 
 
Table 4.5: Average Microhardness At 1000W 
1000W 
























6B 1.2 405 
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The microhardness profile is also determined for the unprocessed substrate; and its 
microhardness value is 358 HV. The Figures that are to follow graphically depict the data. 
Figures 4.18 and 4.19 graphically present the variation in the average microhardness in 
relation to the varying scan speed across the cross-section of the samples, which were 
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The relationship of the microhardness and the varying scanning speed is as follows: At 
900W, when the scanning speed is increased from 1.0 m/min to 1.2 m/min, the mean 
microhardness increases for all the samples. At 1000W, only Ti-Al-7Si-1Cu had increased 
in hardness, when the scanning speed is increased. Ti-Al-9Si-3Cu and Ti-Al-7Si-4Cu, in 
contrast, decreased in hardness when the scan speed is increased. This was also 
achieved by Erinosho et al. [122]. 
This phenomenon – for the specimens that increased in microhardness – occurred based 
on the understanding that performing the DLMD process at a rapid rate – increasing the 

























Figure 4.19: Mean Hardness at 1000W 
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reinforcement powders, with the substrate. Furthermore, less laser energy is provided in 
the process, which results in insufficient melting of the powders and substrate; and this 
results in partially melted powders within the smaller volume of the melt pool; and the 
molten pool solidifies rapidly; and that prompts the martensite structures [108, 119]. 
 
A much smaller volume of melt pool is created with increasing speeds as was presented 
in Section 4.4.6. Moreover, with this evidently occurring, it means that there was 
minimal/limited time for nucleation and grain growth within the microstructure. In addition, 
literature states that higher hardness values of a material can be attributed to much 
smaller microstructural grain sizes [44]. According to Azarniya et al. [26], the material 
hardens because the incidental energy decreases when the scan speed is increased. As 
a result, the cooling rate increases, because of the acute temperature gradient induced. 
Microstructurally, the lamellae structures are refined, and a fine microstructure evolves, 
that consists of grain boundaries, martensite structures and dislocations in high fractions 
of volume.  
Table 4.6 presents the samples, i.e., 1A-6B, which had increased in hardness relative to 
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It is evident that all the specimens had increased in microhardness, in comparison with 
the parent material, other than sample 4B. Sample 5B displayed the most increase in 
microhardness of 32.20%, which is the sample with the highest microhardness value of 
528 HV. The sample with the lowest hardness value was sample 4B, which is equivalent 
900W 












Parent  P - 358 - 
Ti-Al-11Si-5Cu 
1A 1.0 396 9.60 
1B 1.2 411 12.90 
Ti-Al-12Si-2Cu 
4A 1.0 366 2.19 
4B 1.2 350 0 
Ti-Al-13Si-6Cu 
5A 1.0 419 14.56 
5B 1.2 528 32.20 
1000W 
Ti-Al-9Si-3Cu 
2A 1.0 425 15.76 
2B 1.2 386 7.25 
Ti-Al-7Si-1Cu 
3A 1.0 370 3.24 
3B 1.2 389 7.97 
Ti-Al-7Si-4Cu 
6A 1.0 458 21.83 
6B 1.2 405 11.60 
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to 350 HV. The following is a list of the samples that increased the most in microhardness, 
within their specimen group (powder composition): 
❖ Ti-Al-11Si-5Cu [1B] = 411 HV 
❖ Ti-Al-12Si-2Cu [4A] = 366 HV 
❖ Ti-Al-13Si-6Cu [5B] = 528 HV 
❖ Ti-Al-9Si-3Cu [2A] = 425 HV 
❖ Ti-Al-7Si-1Cu [3B] = 389 HV 
❖ Ti-Al-7Si-4Cu [6A] = 458 HV 
These samples are identified with the intention to compute their ultimate tensile strength 
(UTS) behaviour, including that of the unprocessed parent material. The microhardness 
values are to be converted into their equivalent ultimate tensile strength values, according 
to the following formulae used and provided by England [129]: 
Table 4.7 presents the ultimate tensile strength (UTS) of the samples that have the 
highest microhardness values for their powder composition. 






𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑈𝑇𝑆) = 𝐻𝑉 𝑥 9.807 (𝑀𝑃𝑎) (4.7) 











Ti-6Al-4V Parent - - 358 3515 
Ti-Al-11Si-5Cu 1B 900 1 411 4034 
Ti-Al-9Si-3Cu 2A 1000 1 425 4168 
Ti-Al-7Si-1Cu 3B 1000 1.2 389 3813 
Ti-Al-12Si-2Cu 4A 900 1 366 3592 
Ti-Al-13Si-6Cu 5B 900 1.2 528 5179 
Ti-Al-7Si-4Cu 6A 1000 1 458 4487 
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Figure 4.20 graphically represents the equivalent ultimate tensile strengths of the 
microhardness values, which were enhanced in hardness relative to the parent material. 
 
 
Figure 4.20: Ultimate Tensile Strength of Best Hardness Samples 
 
The information graphic shows that the ultimate tensile strength value for the parent 
material is 3515 MPa. Samples 1A-6A have a higher UTS than the parent material. 
Sample 5B is the best, with a UTS of 5179 MPa, which is a 32.13% increase relative to 
the parent. Sample 4A shows the least enhancement in UTS, with 3592 MPa, which is an 
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To conclude this section, it is also noticed that the weight percentage of Silicon and 
Copper in the different specimen powder compositions can be attributed to the 
manipulation of the mechanical properties of the materials. The microhardness results 
show that Ti-Al-13Si-6Cu (5B) has the highest microhardness value and ultimate tensile 
strength. The wt.% of Si and Cu in this specimen are the highest amongst the other 
specimens with 13 and 6 wt.%, respectively. According to Hawk and Alman [130], it was 
found that Silicon and the other distinctive intermetallic phases, such as the titanium 
aluminides can be attributed to the enhancement in microhardness of the clad. 
This investigation applied a multiple-track deposition of 70% overlap onto the substrate 
relating to the work done by Mathai et al. [131]. They stated that there was an 
improvement in the mechanical properties, as a result of the modifications to the 
microstructure, which became finer and was comprised of intermetallic compounds, which 
were uniformly distributed. The Si-eutectic phase was also altered, and this is all in 
attribution to the induced-heat treatment of the multiple track application of DLMD. 
As reported, the Silicon content improves the ultimate tensile strength, which is in 
corroboration of the work done by Kalhapure and Dighe [132]. The increase in the wt.% 
of Copper in the powder composition promoted the increase in the microhardness values 
in comparison with the specimens with the least wt.% Cu and the parent material. This is 
substantiated by the work of Gollapudi et al. [133] and Erinosho and Akinlabi [134]. 
Analysis of the results shows that adding more content of Cu makes the specimens 
stronger than the parent material, with increments in the UTS, which correlate with the 
findings of Kikuchi et al. [135]. 
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4.6 Optical Microstructural Characterisation (OPM) 
This section of the investigation presents the macro- and the microstructural analysis of 
the samples, which performed best in microhardness and in the ultimate tensile strength 
behaviour. This section graphically complements the work done, pertaining to the 
structural and material properties ascertained in the preceding sections; and it is the 
avenue for the sections to follow that analyse the metallurgy of the samples. The BX51M 
Olympus microscope was used to capture the macro- and the microstructures presented 
in this section. 
Figures 4.21-4.26 (a) are the optical macrographs of the samples, which were enhanced 
in their microhardness/UTS property; they display the deposited coating, the HAZ and the 
substrate.   
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(a)                                                                         (b) 
(a)                                                                        (b) 
Figure 4.21: Optical Observation of Ti-Al-11Si-5Cu [1B] At 900W, 1.2m/min (a) Macrostructure 5X (b) Microstructure 100X 
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   (a)                                                                         (b) 
   (a)                                                                        (b) 
 
Figure 4.23: Optical Observation of Ti-Al-7Si-1Cu [3B] At 1000W, 1.2m/min (a) Macrostructure 5X (b) Microstructure 100X 







Page | 197  
(a)                                                                           (b)                                                                               
(a)                                                                                 (b) 
Figure 4.25: Optical Observation of Ti-Al-13Si-6Cu [5B] At 900W, 1.2m/min (a) Macrostructure 5X (b) Microstructure 100X 
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All the coatings of the specimens were manufactured by the application of multiple tracks, 
hence the unevenness in the resulting coatings. The subsequent deposited tracks 
reheated the preceding track, which induced re-melting and re-solidification of the tracks. 
It is evident from the macrographs of all the samples that cracks had initiated and 
propagated from the top of the deposit towards and terminating at the fusion line. 
It appears that the cracks worsen from Figure 4.21 to 4.26 – where cracks prevailed with 
some initiated at the centre of the deposit and propagated laterally, merging with other 
initiated cracks. This can be attributed to the variation in the wt.% of Silicon and Copper 
in the powder compositions, because of the difference in thermal expansion and specific 
heat capacities during the solidification process of and between the reinforcement 
powders and the substrate material; as was also reported by Erinosho et al.  [122]. This 
phenomenon induced high thermal and residual stresses within the coatings of the 
samples. Moreover, this indicates that there was a difference in the shrinkage during 
solidification between the clad and the parent material. 
In addition, the samples that were fabricated at the maximum processing condition for 
each parameter (i.e., 1.2 m/min scan speed, 1000W laser intensity) generated a melt pool 
that solidified more rapidly than when at their minimum processing conditions (i.e., 1.0 
m/min scan speed, 900W laser intensity), which also induced high tensile stresses in the 
clad. This correlates with the work done by Dai et al.  [42]. There are patches of indifferent 
colour on the coatings that mostly appear greenish. Erinosho and Akinlabi [123] had 
stated that the presence of Cu in the composition of the powders provided the 
discolouration. There appear to be visible gas entrapped porosities on the samples, which 
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is attributed to the air being trapped in the coated layer, because the rate of cooling was 
higher than the time required for the air to escape from the deposited layer [136]. 
The size of the gas entrapped pores is dependent on the turbulence in the molten pool 
during the deposition process, as the gas pores merge [121]. These cracks/defects render 
the samples more susceptible to corrosion, which will be analysed in the succeeding 
sections to follow.  
All the samples show a well-developed fusion zone. This indicates that there was 
sufficient alloying in the process; and this resulted in well metallurgically-bonded clads, 
which Akinlabi et al. [137] claimed also to have found. The heat-affected zone is clearly 
defined between the fusion line and the substrate in all the samples. The substrate is a 
heat sink in the DLMD process; and the heat-affected zone became noticeable, because 
there was enough heat supplied conductively to the substrate to scantily promote 
microstructural alterations [57]. 
However, the microstructural modifications are not prominent in terms of the grain growth. 
What is noticeable among the HAZ of all the samples is that fine α’ martensite structures 
had formed independently, with most of these occurring right below the fusion line. The 
literature reviewed in Chapter 2 accounts for the formation of this type of microstructure 
since it provides great hardness values. The degree of occurrence of this phenomenon 
is influenced by coarse as-fabricated prior β titanium grains; since they provide great 
stability – thermodynamically - during high heat input [61]. Towards the fusion and HAZ, 
the Widmanstätten structures become finer and well-fused; phases of α-martensite are 
also evident [123]. 
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Figures 4.21-4.26 (b) provide the optical micrographs of the samples, that are provided 
as macrostructures in Figures 4.21-2.26 (a). These micrographs display the 
microstructural evolution, resulting from the influence of the processing conditions applied 
during the laser-cladding process. The basic α+β microstructure of the Ti-6Al-4V parent 
material – as shown in section 4.2 – is seen in this section to be influenced by the 
composite-reinforcement powders and the processing conditions. The microstructures of 
the samples are well-developed, with coarsened α+β lamellae structures with clear 
globular alpha phases and noticeable prior-beta grain boundaries. 
As a result of the rapid cooling, the morphological features of the α and β are distinctive; 
and they appear to be acicular. The structures appear coarsened. In agreement with the 
results of Yang et al.  [138], the distinct acicular alpha phases and epitaxial growth of 
grains is in attribution of the metallurgical characterisation of the microstructure relative 
to the columnar prior-beta grain boundary. However, it does appear, as if the primary 
alpha reduced significantly per volume fraction for most of the other samples observed. 
The metallurgy of the samples identifies with a morphology of multi-scale; with the 
coarsened alpha structures being reduced, plate-like, discrete, and finer – as can be 
prominently seen in Figure 4.25 (b). According to Erinosho and Akinlabi [134], these 
distinctive features of the alpha phase are caused by the varying cooling rates that 
evolved from the alpha phase morphology, which resulted in anisotropic mechanical 
properties. The primary alpha grains have secondary alpha Widmanstatten structures 
neighbouring them, which Yang et al. [138] also observed in the studies that they 
conducted. The cooling rate influences the α-phase morphology to be either equiaxed, or 
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acicular in the microstructure, which results in anisotropy in the mechanical properties 
[123]. 
In section 4.5, the microhardness and the UTS of these samples are ascertained and 
within the section, it is stated – and corroborated with the literature – that the morphology 
of the evolving grains influences the hardness property of the material. Samples 4A and 
5B had the least and the highest microhardness values, respectively, in the selected set 
of best microhardness materials. Sample 5B {Figure 4.25 (b)} is distinctive in grain 
morphology in relation to 4A {Figure 4.24 (b)}; 5B is coarser and the globular alpha grains 
are more prominent. The alpha grains closer to the fusion zone grew epitaxially, while the 
ones above these are acicular and lamellar. Although both samples were processed by 
900W laser intensity, the phenomenon is rationally justified by the following two factors: 
5B has 4 wt.% and 1 wt.% more of Cu and Si, respectively, than the 2 wt.% Cu and 12 
wt.% Si comprised in 4A, which provided more enhancement in the microhardness of 5B. 
Sample 5B was processed at a faster scanning speed than 4A (5B: 1.2 m/min; 4A: 1.0 
/min), which resulted in a shorter LMIT; this increased the solidification rate. In effect, 
more nucleation sites were promoted, with the molten pool having a shorter time on the 
substrate before solidification. A higher scanning speed promotes the growth population 
of globular alpha phases [139]. 
4.7 Scanning Electron Microscopy (SEM) and Electron Dispersive 
Spectroscopy (EDS) 
This section of the study analyses the samples in the previous section (Section 4.6), but 
under higher magnification, by employing the TESCAN machine with an X-MAX 
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instrument to perform scanning electron microscopy (SEM), with electron-dispersive 
spectroscopy (EDS) of the samples. EDS was conducted, in order to ascertain the 
elemental weights within the deposited clad. Table 4.8 provides the weights of the 
elements, conducted through EDS, which consists of the specific measured point on the 
clad for each sample. 














1B 2A 3B 4A 5B 6A 
Element Weight (%) 
Al 11.55 17.95 31.77 31.42 14.67 47.25 
Si 20.25 15.47 8.54 1.91 20.69 0.18 
Ti 64.35 63.65 57.04 63.90 59.28 46.27 
V 2.60 2.58 2.20 2.76 2.48 1.93 
Cu 1.25 0.35 0.46 0.01 2.87 4.37 
 
This is applicable in discerning elemental content that is predominant in the composition 
of the identified microstructures. These weight (%) values are graphically represented in 
Figures 4.27-4.32 (b) EDS, for the samples. Figure 4.27 – 4.32 depict the (a) highly 
magnified scanning electron microscopy (SEM) of the deposited clads and (b) the 
electron dispersive spectroscopy (EDS) of a specified area, indicated with a yellow star-
shape on the microstructure, of the samples, on which optical microscopy was conducted 
in section 4.6. 
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      (a) 
      (b) 
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      (a) 
      (b) 
 
 
Figure 4.28: Ti-Al-9Si-3Cu [2A] (a) SEM Image (b) EDS 
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(a) 
      (b) 
 Figure 4.29: Ti-Al-7Si-1Cu [3B] (a) SEM Image (b) EDS 
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(a) 
      (b) 
 
 
Figure 4.30: Ti-Al-12Si-2Cu [4A] (a) SEM Image (b) EDS 
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(a) 
      (b) 
 
 
Figure 4.31: Ti-Al-13Si-6Cu [5B] (a) SEM Image (b) EDS 
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(a) 
      (b) 
 
It is seen in the SEM images for all the provided samples, that the microstructure is well-
defined and coarsened, which consists of the prominent transformed lamellae α+β 
Figure 4.32: Ti-Al-7Si-4Cu [6A] (a) SEM Image (b) EDS 
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structures, together with much noticeable globular alpha phases from the prior-β grain 
boundaries. During the DLMD process, the thermal histories induced in the process led 
to the promotion of the transformed α+β microstructure from the initial primary α 
microstructure; the growth and evolution of the distinct grain morphologies and the 
stability of the alpha and beta structures upon increased and reduced structures. 
These multi-scale microstructures show that coarsened α and β phases are prominent; 
and they formed as acicular structures intermittently, and discretely epitaxially close to 
the major zones, such as the top of the clad and the fusion zone. Most of the globular 
grains appear to be promoted at the centre of the clads, rather than above – near the 
surface of the clad, or below – close to the fusion line. The formation of the large 
microstructures is attributed to the rapid solidification rate [140, 141]. Furthermore, the 
martensitic structures appear near the top of the clad and the fusion zone because of 
rapid solidification in these areas. The secondary alpha lathes (reduced in volume 
fraction) that neighbours the primary alpha globular structures (increased in volume 
fraction), were transformed in situ in the layer of minimal transformation. 
The dark structures on the SEM images for all the samples are identified as gas-
entrapped pores of either air or argon that was used as the carrier gas. As previously 
stated, this is due to the gas not having enough time to escape the clad before final 
solidification [136]. The microcracks are observed in Figure 4.27 (a) and Figure 4.31 (a), 
as the dark elongated structures are seen to be situated within very few of the globular 
structures. This is due to differences in the thermal expansion that initiated thermal and 
residual stresses [122]. 
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The EDS conducted on the specified area of the microstructures; indicated with the yellow 
star, shows the following: the high-volume fraction globular alpha structures indicated per 
sample are highly enriched with Aluminium, Silicon and Titanium. It appears that Titanium 
is the most abundant element in constituting the identified structures of the samples: 1B 
= 64.35%, 2A = 63.65%, 3B = 57.04%, 4A = 63.90% and 5B = 59.28%. However, for 
sample 6A, Aluminium is the most abundant with 47.25% rather than Titanium with 
46.27%. The samples are enriched with Silicon and the presence of this element in the 
composition of the clads can be attributed to the improvement in the hardness and the 
UTS property of the materials [132], as elaborated in section 4.5 of the microhardness 
analysis. 
The enriching presence of Aluminium in the materials provides them with good thermal, 
electrical conductivities, and good corrosion resistance [142]. The highly abundant 
Titanium element in the composition of most of the clads, provides the material with good 
corrosion resistance, as well as a high ratio of strength-to-weight [143].  
 
4.8 X-Ray Diffraction Analysis 
This section of the study provides the X-ray Diffraction spectrum with the identified phases 
of the unprocessed parent material and all the deposited samples. The crystalline 
structures presented in the surface coating are determined; these include independent 
elements and the intermetallic compounds that formed. The 2θ range for recording all the 
diffraction patterns is between 5˚- 90˚. 
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Figure 4.33 provides the X-ray diffraction pattern and the phases identified in the 












It is clear from the figure that the mixture is enriched with 98.50% Ti ;and the peaks are 
identified at 2θ = 35˚, 38.17˚, 40.02˚, 52.82˚, 63.03˚, 70.54˚ and 76.28˚. The mixture also 
has 1.50% Al; and the peaks are identified at 2θ = 38.17˚. These are the two crystalline 
phases identified in the substrate. Figures 4.34 and 4.35 provide the XRD spectra and 
the phase identification of the samples that were processed at 900W, 1.0 m/min (1A, 4A, 
5A) and 900W, 1.2 m/min (1B, 4B, 5B), respectively. Figures 4.36 and 4.37 present the 
XRD spectra and the phase identification of the samples that were processed at 1000W, 
1.0 m/min (2A, 3A, 6A) and 1000W, 1.2 m/min (2B, 3B, 6B), respectively. 
Figure 4.33: XRD Spectra and Phase Identification of Ti-6Al-4V Substrate 
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Figure 4.35: XRD Spectra and Phase Identification of 1B, 4B and 5B 
Figure 4.34: XRD Spectra and Phase Identification of 1A, 4A and 5A 
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Figure 4.37: XRD Spectra and Phase Identification of 2B, 3B and 6B 
Figure 4.36: XRD Spectra and Phase Identification of 2A, 3A and 6A 
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A relationship is identified here between the intensity counts and the scanning speed: as 
the scanning speed is increased to 1.2 m/min, the intensity counts are reduced. However, 
this allowed for more crystalline phases to be identified as their peaks became apparent. 
Therefore, the following implications of increasing the scanning speed are observed at 
900W and 1.2 m/min (Figure 4.35): For 1B, the peaks of Si and Al are identified. C, AlTi, 
Al2Cu, Ti, Cu0.875Si0.125 and V3Si are not present, while Ti3Al, α-Ti and Ω-Al2Cu are the 
newly identified phases. For 4B, the peaks of Si and Al are identified. AlTi, (Al2Ti)1.33, 
AlCu, Al0.4Ti0.6 and α-Ti are not present, while Si3Ti5, (AlCu)Ti, Al0.99Cu0.01 and Cu are the 
newly identified phases. Lastly, for 5B, the peaks of Si3Ti5, Si and Al are identified. Ti, 
Al2Ti are not present, while Al23V4, Ω-AlTi, V, Al2Cu3.4 and β-Ti are the newly identified 
phases. 
 
The following implications of increasing the scanning speed are also identified at 1000W 
and 1.2 m/min (Figure 4.37): For 2B, the peaks of Ti5Si3, Si and Ti are identified. Al11Ti5 
and (Al2Ti)1.33 are not present, while β-Cu3Ti, Al5Ti3, Al and CuTi are the newly identified 
phases. For 3B, the peaks of Si3V5, β-Cu3Ti and Ti are identified. Ti3Al, α-Al2.1Ti2.9 and Si 
are not present, while Al3Ti and Al are the newly identified phases. For 6B, the peaks of 
Si3V5 and Ti are identified. Cu4Ti3, γ-TiAl, AlCu, Cu, Si are not present, while Al and 
Al2Cu3.4 are the newly identified phases. 
The major inter-metallics observed are the titanium-aluminide phases. The reaction was 
exothermic during the DLMD process; and it is based on the Ti-Al binary-phase diagram. 
The liquid Al and the solid Ti formed the various Ti-Al inter-metallics, such as TiAl, TiAl3 
and Ti3Al; the available TiAl allowed for the formation of Ti3Al5 and TiAl2 [144]. According 
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to Xu et al. [145, 146] the formation of titanium-aluminides is promoted by the coating 
powders having elemental Ti and Al present; and the intermetallic titanium-aluminides are 
precipitated at high temperatures. The presence of hard inter-metallic titanium-aluminide 
compound phases, together with the Si and the Cu present in the mixture, can be resultant 
to the enhancement in hardness of the materials. 
Hawk and Alman [130] postulated that the hardness properties of the inter-metallic 
phases Ti3Al, TiAl and TiAl3, ranged between the values 2.4-2.9 GPa. The formation of 
the inter-metallic titanium-aluminides provides and enhances the materials with various 
thermophysical properties, such as increasing the elastic modulus and the melting point, 
as well as reducing the density and providing enhancement in the materials structural 
stability [147]. These good titanium-aluminide inter-metallic properties are attributed to 
the materials, because of the elevated ordered temperature (Tc). The inter-metallics are 
ordered; and in themselves, they have excellent cohesive bonds between the compounds 
[147]. The raised melting points and the stability in the distribution of the crystallographic 
structures, that are fine and homogeneous, render the titanium-aluminide phases viable 
for medium/high structural application temperatures [148] 
.  
4.9 Corrosion Analysis 
The content in this section delves into the corrosion performance of the Ti-6Al-4V 
substrate and of the composite coatings manufactured from the metallurgical bonding of 
the reinforcement powders with the substrate. The analysis was conducted on the surface 
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of the materials. The substrate and the clads were subjected to corrosion in 3.5% NaCl. 
The corrosion rate (mm/year) is thus ascertained. 
Table 4.9 provides the potentio-dynamic polarisation data for all the composite coatings 
and the substrate. The data are recorded from a Potentiostat DY2300 Series that has an 
electrochemical set-up that includes an Ag-AgCl reference electrode and a Pt inert wire 
as the counter electrode. The samples are the cathode in the reaction. These are the 
necessary conditions that are set for cathodic/anodic chemical reactions to occur in order 
to corrode the samples. 
 
Page | 217  
Table 4.9: Potentiodynamic Polarisation Data 
 
Figures 4.38 – 4.41 graphically represent the potentio-dynamic polarisation curves at 
















Ti-6Al-4V Parent - -0.245 5.578E-07 46070 0.000896 
Ti-Al-11Si-
5Cu 
1A 900W, 1.0m/min -0.343 
3.496E-
06 7350 0.005617 
1B 900W 1.2m/min -0.391 
2.934E-
06 8756 0.004715 
Ti-Al-9Si-3Cu 
2A 1000W, 1.0m/min -0.388 
1.981E-
06 12970 0.003183 
2B 1000W, 1.2m/min -0.394 
2.468E-
06 10410 0.003966 
Ti-Al-7Si-1Cu 
3A 1000W, 1.0m/min -0.372 
8.123E-
07 31630 0.001305 
3B 1000W, 1.2m/min  -0.347 
1.398E-
06 18380 0.002246 
Ti-Al-12Si-
2Cu 
4A 900W, 1.0m/min  -0.465 
1.957E-
05 1313 0.031440 
4B 900W, 1.2m/min  -0.432 
5.622E-
06 4571 0.009032 
Ti-Al-13Si-
6Cu 
5A 900W, 1.0m/min  -0.319 
1.645E-
06 15620 0.002643 
5B 900W, 1.2m/min  -0.344 
1.876E-
05 1369 0.030140 
Ti-Al-7Si-4Cu 
6A 1000W, 1.0m/min  -0.388 
3.859E-
07 66580 0.000620 
6B 1000W, 1.2m/min  -0.305 
1.470E-
06 17480 0.002361 
























Ti-6Al-4V Ti-Al-11Si-5Cu (1A) Ti-Al-12Si-2Cu (4A) Ti-Al-13Si-6Cu (5A)





















Ti-6Al-4V Ti-Al-11Si-5Cu (1B) Ti-Al-12Si-2Cu (4B) Ti-Al-13Si-6Cu (5B)
Figure 4.38: Potentiodynamic Curves At 900W and 1.0m/min 










































Ti-6Al-4V Ti-Al-9Si-3Cu (2B) Ti-Al-7Si-1Cu (3B) Ti-Al-7Si-4Cu (6B)
Figure 4.40:Potentiodynamic Polarisation Plot At 1000W and 1.0m/min 
Figure 4.41:Potentiodynamic Polarisation Plot At 1000W and 1.2m/min 
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The corrosion potential, current and polarisation resistance for the parent material are: 
0.245V, 5.578x10-7 A and 46070Ω, respectively. The figures show that for all the DLMD 
samples, there are major fluctuations in the corrosion behaviour, than there are for the 
rather stable behaviour of the parent material [149]. It is evident from the table and the 
figures that only sample 6A improved in corrosion resistance; although it has a larger 
corrosion potential than the parent material of -0.388V, it’s corrosion current is smaller, 
equivalent to 3.859x10-7 and it’s polarisation resistance is larger, equivalent to 66580Ω. 
Figure 4.42 graphically provides the corrosion rate (mm/year) for the parent material and 




















































































































Parent 1A 1B 2A 2B 3A 3B 4A 4B 5A 5B 6A 6B
Figure 4.42: Corrosion Rate 
Page | 221  
The graph clearly shows that specimens Ti-Al-11Si-5Cu and Ti-Al-12Si-2Cu; both 
produced at 900W have an improvement (reduction) in the corrosion rate, when the 
scanning speed is increased: Ti-Al-11Si-5Cu improved (reduced) in its corrosion rate from 
0.005617 to 0.004715 mm/year (16.06%); while Ti-Al-12Si-2Cu improved from 0.031440 
to 0.009032 mm/year (71.27%). Ti-Al-9Si-3Cu (at 900W), Ti-Al-7Si-1Cu (at 1000W), Ti-
Al-13Si-6Cu (at 900W) and Ti-Al-7Si-4Cu (at 1000W) had increased in their corrosion 
rate in the following respective values, when the scanning speed is increased: 0.003183 
to 0.003966 mm/year, 0.001305 to 0.002246 mm/year, 0.002643 to 0.030140 mm/year 
and 0.000620 to 0.002361 mm/year, respectively. The parent material has a corrosion 
rate of 0.000896 mm/year; and the sample that corrodes the most is 4A at 0.031440 
mm/year; which is also seen in section 4.5 that it had the least improvement in ultimate 
tensile strength, respective to the parent material and against the other best-performing 
DLMD samples. The sample that corrodes the least and has a better corrosion 
performance than the parent material is 6A; the corrosion rate improved (reduced) by 
30.80% (0.000896 to 0.000620 mm/year) respective to the parent material. 
 
4.10 Summary 
This chapter has provided and critically analysed the results obtained from the empirical 
methodologies devised, based on the material characterisation. The comprehensive 
analysis conducted, evaluated the influence that the direct laser-metal deposition of 
hybrid coatings on Ti-6Al-4V - at two different laser intensities and increasing scan speed 
- had on its material properties and on the metallurgical evolutions. This investigation will 
be concluded with future recommendations in the chapter that follows. 
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CHAPTER 5: CONCLUSIONS AND 
RECOMMENDATIONS 
5.1 Introduction 
This chapter of the study concludes the investigation by highlighting the key analysis of 
the results; and it highlights the important aspects and the applications that were applied 
in practice. This chapter intends to convey the overall impact and significance of the 
investigation. The research challenges are framed and contextualised in the 
methodologies of how the results were achieved and analysed. The areas of development 
for further studies pertaining to this investigation are provided in this chapter. 
The primary aim of this research investigation is to investigate the influence of the molten 
pool behaviour on the mechanical properties and metallurgical characteristics of grade 
five titanium alloy (Ti-6Al-4V), when surface engineered with technologies of the direct 
laser metal deposition (DLMD) technique, with titanium based Ti-Al-Si-Cu reinforcement 
powders. 
The motivation was to enhance the material properties of Ti-6Al-4V; and to render it viable 
in a wide range of industrial applications that exert high temperatures, stresses, great 
impact of loads, as well as the susceptibility to corrosion. The life service of the material 
is considered to be improved for long-term applications that alleviate high maintenance 
costs and the need for repairs. The provision was to implement empirical methodologies 
to be conducted rationally. In achieving this, the optimised processing parameters that 
produced quality coatings were ascertained, based on the material characterisation. 
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Two laser power settings were used: 900W and 1000W; and the laser scanning speed 
was varied from 1.0 - 1.2 m/min for each laser power setting for all the manufactured 
coatings. The weight percentage of Si and Cu was also varied. The rest of the processing 
parameters were kept constant. The influence on the structural, mechanical and 
metallurgical properties and characteristics were analysed through material 
characterisation techniques that included structural measurements, microhardness and 
ultimate tensile strength, optical microscopy (OPM), scanning electron microscopy (SEM) 
with electron dispersive spectroscopy (EDS), X-ray diffraction (XRD) and corrosion. 
 
5.2 Conclusions 
The aim of this study was achieved; and It Is deduced that employing the DLMD additive-
manufacturing surface-engineering technique for improving the surface integrity of Ti-6Al-
4V is a successful method, when compared with the conventional manufacturing methods 
used. The results indicate that employing this technique in the complementation of Ti-Al-
Si-Cu reinforcement powders can produce quality coatings, given that the processing 
parameters were optimised.  
I. Increasing the laser power provides more available laser energy for good coatings 
to be manufactured. Increasing the scanning speed reduced the laser-material 
interaction time.  
II. Increasing the scanning speed influences the structural properties, such as: the 
deposit width, the height, the depth and the HAZ, decreased, while the aspect ratio 
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increased. It was also found that the volume of the solidified molten pool had also 
decreased.  
III. At both 900W and 1000W, the microhardness of the samples produced contrary 
results, such that some increased in microhardness; whilst others decreased, 
when the scanning speed was increased; this is attributed to the varying weight 
percentage (wt.%) of Si and Cu in the reinforcement powders that appeared to 
enhance the hardness property of the materials. However, this consolidated the 
low hardness property that Ti-6Al-4V has, as its limitation in long-life service 
applications.  
IV. There can be great surface integrity advancement in the ultimate tensile strength 
of Ti-6Al-4V. The micrographs show that the distinctive features of the α-phase 
from the prior beta phase produced anisotropy in the mechanical properties, and 
also the coarsened structures consisting of high Ti, Al and Si contents.  
V. The most abundant crystallographic phases present are the titanium-aluminide 
intermetallic compounds, which contributed to the enhancement in the hardness 
property of the materials.  
VI. The correct amount of Si and Cu wt.% in the reinforcement powder, in combination 
with an optimised laser intensity and scanning speed, produced a coating, in which 
the corrosion resistance was improved; the material corrodes at a smaller rate than 
in a Ti-6Al-4V substrate.  
This investigation has established that novel composite coatings can be manufactured 
that possess great structural, mechanical and metallurgical properties and characteristics 
on Ti-6Al-4V material, thereby rendering it viable in various industrial applications. 
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5.3 Summary of the Findings 
The following summary provides the key findings of this research: 
I. Ti-Al-Si-Cu reinforcement powder employed with the direct laser-metal deposition 
technique can be used at optimised processing parameters to enhance the surface 
integrity, the properties and the characteristics of Ti-6Al-4V alloy. 
II. Ti-Al-Si-Cu, with 13 wt.% of Si, 6 wt.% of Cu and optimised to 900W laser power 
and 1.2 m/min scanning speed contributed to the best enhancement in the 
microhardness by 32.20% (170 HV) and to the improvement in the ultimate tensile 
strength by 32.13% (1664 MPa). However, under these conditions, the material 
corroded at a rate of 0.029244 mm/year faster than does the parent Ti-6Al-4V 
material. 
III. Adding 7 wt.% of Si, 4 wt.% of Cu in Ti-Al-Si-Cu reinforcement powder, in 
combination with an optimised laser intensity of 1000W and 1.0 m/min scanning 
speed produced a composite coating that shows the best enhancement in the 
polarisation resistance by 20510Ω, and in the corrosion rate by 2.76x10-4 mm/year, 
relative to the Ti-6Al-4V substrate. However, under these conditions, the 
composite material was second best in microhardness; but it provided an increase 
in microhardness by 21.83% (458 HV), and in the ultimate tensile strength by 
21.66% (4487 MPa). 
IV. In conclusion, manufacturing a composite coating on Ti-6Al-4V with Ti-Al-Si-Cu 
reinforcement powder produced the best microhardness, ultimate tensile strength 
and corrosion resistance, when composed of 7 wt.% of Si and 4 wt.% of Cu at 
1000W laser power and 1.0 m/min scanning speed. 
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5.4 Future Work 
The recommendations for further investigation of this study are as follows: 
I. To remediate the production of pores and cracks in Ti-Al-Si-Cu/Ti-6Al-4V 
composite coatings, the laser-energy density (LED) and the laser-material 
interaction time (LMIT) can be optimised by varying the other processing 
parameters, such as the laser-beam diameter, the gas and powder flow rate, in 
order to find the best combination for the DLMD processing parameters. 
II. To achieve more stability in the corrosion results – reduce major fluctuations and 
increase the immersion time of the samples in the 3.5% NaCl. 
III. Perform rotational wear on the samples to determine the coefficient of friction 
(COF) and the wear depth (WD), by employing a Tribometer (pin-on-disk) machine 
that uses an alumina counter-body ball against the composite coatings and the 
parent material. 
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